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ABSTRACT
Unlike lower vertebrates, capable of spontaneous hair cell regeneration, mammals experience
permanent sensorineural hearing loss following hair cell damage. Although low levels of hair
cell regeneration have been demonstrated in the immature mammalian vestibular system, the
cochlea has been thought to lack any spontaneous regenerative potential. Inhibition of the Notch
pathway can stimulate hair cell generation in neonatal mammals, but the specific source of these
new hair cells has been unclear. Here, using in vitro lineage tracing with the supporting cell
markers Sox2 and Lgr5, we show that Lgr5-positive inner pillar and 3rd Deiter's cells in
gentamicin-damaged organs of Corti from neonatal mice give rise to new hair cells following
treatment with a Notch inhibitor. These new hair cells are generated primarily through direct
transdifferentiation of supporting cells, although a small number show evidence of proliferation.
Inner pillar cells show the greatest transdifferentation capability, giving rise to immature outer
hair cells, and transdifferentiating in response to damage even in the absence of Notch inhibition.
In vivo pharmacologic inhibition of Notch and in vivo lineage tracing with Sox2 during genetic
Notch inhibition provide generally consistent results, although additional new hair cells develop
in the inner hair cell region. These data suggest a spontaneous capacity for hair cell regeneration
in the neonatal mammalian cochlea. In addition, the data identify Lgr5-positive supporting cells
as potential hair cell progenitors, making them an attractive target for future hair cell
regeneration treatments.
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Title: Associate Professor of Otolaryngology, Harvard Medical School
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Introduction
Sensorineural hearing loss resulting from damage to the hair cells of the inner ear is a
commonly occurring communication disorder affecting approximately 31 million Americans
(Kochkin, 2005). Currently, there is no method of replacing the damaged hair cells to restore
hearing. The available treatment options for hearing loss consist of hearing aids and cochlear
implants, which are not capable of providing many important features of natural hearing. The
discovery of hair cell regeneration in lower vertebrates (Cotanche, 1987; Cruz et al., 1987) raised
the hope of developing a method to stimulate regeneration in mammals and restore hearing
function in individuals with hearing loss.
Hair cell regeneration in lower vertebrates
Hair cell regeneration in birds following acoustic trauma was first demonstrated in 1987
(Cotanche, 1987; Cruz et al., 1987). After hair cell damage either through acoustic trauma or
ototoxic drug treatment, both supporting cells and newly developed hair cells exhibited markers
of proliferation, suggesting the new hair cells were a product of supporting cell re-entry into the
cell cycle (Corwin and Cotanche, 1988; Ryals and Rubel, 1988). However, it was later shown
that the first hair cells to appear following damage develop in the absence of supporting cell
division (Adler and Raphael, 1996). This suggested a second possible mechanism of hair cell
regeneration, whereby supporting cells change cell fate and directly transdifferentiate into new
hair cells without dividing. Stone and Rubel (2000) noted morphology similar to a supporting
cell in regenerating hair cells during an intermediate stage of differentiation following noise
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damage. They also found hair cells and supporting cells labeled for the proliferation marker
bromodeoxyuridine (BrdU) were clustered together, suggesting these new cells came from a
common progenitor, presumably a supporting cell. However, it has also been proposed that
particularly in response to greater levels of hair cell damage, both supporting cells and hair cells
might be replaced by migration of some other precursor cell population that retains proliferative
capability (Girod et al., 1989).
Similar responses to hair cell damage have been observed in fish and amphibians, which
are also capable of hair cell regeneration (Balak et al., 1990; Lombarte et al., 1993). Balak et al.
used a laser to ablate hair cells specifically in the lateral line of the salamander tail without
damaging the supporting cells. Using time-lapse microscopy, they showed increased mitotic
activity in supporting cells after hair cell damage and eventual conversion of some supporting
cell progeny into hair cells. In bullfrog vestibular hair cells, Baird et al. (1996) observed only a
low level of BrdU labeling accompanying the development of new hair cells following treatment
with the ototoxic drug gentamicin and noted that newly developing hair cells were surrounded by
a lower number of supporting cells than normally found surrounding mature hair cells. This was
further evidence suggesting new hair cells could be generated by direct transdifferentiation from
supporting cells without proliferation. Similar to what has been reported in chicks, in regions of
hair cell loss, they also observed cells with intermediate morphology such as supporting cells
with cuticular plates and immature hair bundles.
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Hair cell regeneration in mammals
Unlike lower vertebrates, mammals do not experience hair cell regeneration following
damage. Two methods of inducing hair cell production in mammals are over-expression of the
transcription factor A tohI and inhibition of the Notch signaling pathway.
Mutant mouse embryos lacking AtohI expression fail to develop cochlear and vestibular
hair cells, suggesting Atohl is necessary for hair cell differentiation (Bermingham et al., 1999).
Overexpression of A tohl leads to the formation of additional hair cells in embryonic and
neonatal mammals (Gubbels et al., 2008; Kelly et al., 2012; Zheng and Gao, 2000). Izumikawa
et al. (2005) found viral infection of the deafened adult guinea pig inner ear with A tohI led to the
development of new outer and inner hair cells and some functional recovery of hearing as
measured by the auditory brainstem response (ABR). Although they claimed to have generated
new inner hair cells with normal morphology that were the major contributors to the improved
ABR, the possibility remains that the inner hair cells they observed were recovered rather than
new hair cells. The outer hair cells had unusual morphology, displaying both hair cell and
supporting cell characteristics, suggesting they were new hair cells that developed through
transdifferentiation of supporting cells. In a follow-up study of guinea pigs with a flat cochlear
epithelium devoid of supporting cells or hair cells, inoculation with the same A tohI virus did not
result in hair cell regeneration, suggesting supporting cells are required for this process
(Izumikawa et al., 2008).
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The role of the Notch pathway in the organ of Corti
In both birds and mammals, Notch signaling during development is essential to establish
patterning in the organ of Corti where no hair cell ever comes into direct contact with another
(Figure 1). This patterning results from alternating expression of the Notch receptor and its
ligands in adjacent cells, a mechanism called lateral inhibition (Lanford et al., 1999). The
membrane-bound Notch ligands, Jagged2 (Jag2) and Delta-like 1 (Dlll), in hair cells bind to the
Notch 1 receptor in adjacent supporting cells, activating the Notch pathway (Kiernan et al.,
2005a; Lanford et al., 1999; Lanford et al., 2000; Morrison et al., 1999). Cleavage of Notchl by
gamma secretase produces the Notch intracellular domain (NICD), which can then translocate to
the nucleus, resulting in upregulation of transcription factors such as Hesi and Hes5 (Borggrefe
and Oswald, 2009). This leads to inhibition of Atohl and prevents supporting cells from
becoming hair cells (Jeon et al., 2011; Lanford et al., 2000; Zine et al., 2001).
Inhibition of the Notch pathway in birds
Daudet et al. (2009) showed in undamaged chicken basilar papilla that treatment with the gamma
secretase inhibitor DAPT, an inhibitor of the Notch pathway, did not result in increased
production of hair cells. However, four days after gentamicin-induced hair cell damage, several
Notch pathway genes were significantly upregulated. They suggested the Notch pathway may
play a role in regulating hair cell regeneration to prevent overproduction of hair cells at the
expense of supporting cells. Consistent with this hypothesis, in contrast to the undamaged
chicken basilar papilla, treatment with DAPT following streptomycin damage resulted in much
higher numbers of hair cells than were generated through the natural regeneration process and a
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AFigure 1. The Notch pathway in the organ of Corti
(A) Notch ligands Jag2 and Dill are expressed in the hair cell membrane and bind to the Notch 1 receptor
in adjacent supporting cells. This leads to cleavage of Notch 1 by gamma secretase, resulting in the Notch
intracellular domain (NICD), which then translocates to the nucleus and activates transcription of genes
such as Hes1 and Hes5 that inhibit Atohl. (B) Treatment with a gamma secretase inhibitor prevents
cleavage of Notchl, inhibiting the Notch pathway and allowing for transcription of Atohl.
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reduction in supporting cell numbers. This suggests Notch inhibition following damage in birds
can promote transdifferentiation of supporting cells into additional hair cells.
Inhibition of the Notch pathway in mammals
Although mammals do not typically show evidence of hair cell regeneration,
supernumerary hair cells in embryonic and neonatal mammals can be produced via inhibition of
the Notch pathway, either through genetic manipulation or treatment with a Notch inhibitor
(Doetzlhofer et al., 2009; Hayashi et al., 2008; Kiernan et al., 2005a; Takebayashi et al., 2007;
Yamamoto et al., 2006; Zhao et al., 2011; Zine et al., 2001). Unlike birds, these effects of Notch
inhibition are observed even in the absence of damage. Inhibition of the Notch pathway results in
a reduction in the number of supporting cells that is correlated to an increase in hair cell number
(Doetzlhofer et al., 2009; Kiernan et al., 2005a). Doetzlhofer et al. saw an increase in the number
of hair cells, particularly in the apical region, when they treated postnatal mouse organ of Corti
cultures with DAPT. In treated cultures, they also saw a decrease in the number of Deiter's cells
as the number of hair cells increased.
Mammalian supporting cell transdifferentiation
Transdifferention into hair cells may only be possible in particular subtypes of
mammalian supporting cells. Doetzlhofer et al. (2009) suggested Deiter's cells were capable of
transdifferentiation into hair cells following DAPT treatment, while pillar cells were not.
Conversely, it has been proposed that pillar cells may be more capable of transdifferentiation
than other supporting cells (White et al., 2006). Mutant mouse embryos with genetic reduction in
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Notch expression show an increase in inner and outer hair cells and a reduction in Deiter's cell
numbers (Kiernan et al., 2005a). However, there is also evidence of pillar cell proliferation even
though pillar cell numbers remain stable, suggesting that pillar cells may also be
transdifferentiating into new hair cells. Although studies such as these have suggested
supernumerary mammalian hair cells are generated from supporting cells, there is only indirect
evidence for this conclusion and a lack of agreement about the types of supporting cells that can
transdifferentiate. It is important to conclusively determine whether specific subtypes of
supporting cells can differentiate into hair cells in mammals so that future efforts at stimulating
hair cell regeneration can be targeted to the progenitor cells that give rise to new hair cells.
Lineage tracing of supporting cells
Lineage tracing using a supporting cell specific marker gene can provide direct evidence
of whether supporting cells are capable of conversion into new hair cells. Lineage tracing is a
method of permanently labeling a particular cell population so that it can be followed over time.
Sox2 is a general marker of both adult and neonatal supporting cells, expressed in almost all
supporting cell types and the greater epithelial ridge (GER) in neonates (Oesterle et al., 2008).
Sox2 is a transcription factor required for prosensory formation of the inner ear (Kiernan et al.,
2005b) and is involved in both neurogenesis and proliferation and maintenance of stem cells
(Episkopou, 2005). Lgr5 is a marker expressed in a smaller subset of neonatal supporting cells,
including 3 Deiter's cells, inner pillar cells, inner border cells, and the GER (Shi et al., 2012).
Lgr5-positive cells are of particular interest because Lgr5 is a known marker of intestinal stem
cells and a target of the Wnt pathway (Barker et al., 2007). The highly conserved Wnt pathway
has many roles in both developing and adult tissues including regulation of proliferation,
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differentiation, and tissue homeostasis (Clevers, 2006). Lgr5 has also recently been found to be a
marker of progenitor cells in the cochlea that can give rise to hair cells (Shi et al., 2012). Lineage
tracing with both Sox2 and Lgr5 can be used not only to determine whether supporting cells are
capable of transdifferentiation, but also to narrow down the relevant subpopulation.
Thesis overview
The goal of this thesis was to use lineage tracing with the markers Sox2 and Lgr5 to
follow specific supporting cell populations over time while generating new hair cells through in
vitro and in vivo Notch inhibition. Lineage tracing with the Cre-lox system enabled permanent
labeling of supporting cells by preventing the label from being lost after changes in gene
expression when supporting cells became hair cells. Through Sox2 and Lgr5 lineage tracing, we
demonstrated previously undetected low-level spontaneous transdifferentiation of inner pillar
cells into new hair cells in response to gentamicin damage alone. Additionally, we showed Lgr5-
positive inner pillar and 3rd Deiter's cells are progenitor cells capable of transdifferentiating into
new hair cells in neonatal mice following gentamicin damage and Notch inhibition in vitro. We
also provided evidence of low-level proliferation in new apical hair cells after damage with and
without Notch inhibition. These in vitro lineage tracing results were supported by in vivo
pharmacologic Notch inhibition and lineage tracing using genetic inhibition of Notch]. In vivo
lineage tracing also indicated that supporting cells adjacent to inner hair cells may be able to
transdifferentiate into new hair cells shortly after birth. Chapter 1 of this thesis describes lineage
tracing using the Cre-lox system and the marker genes Sox2, Lgr5, and Pou4f3. Chapter 2 uses
lineage tracing to explore the effects of gentamicin damage on neonatal mouse cochlear explant
cultures. Through lineage tracing of supporting cells and hair cells, Chapter 3 investigates the
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effects of Notch inhibition following damage. Chapter 4 examines the proliferative effects of
damage and Notch inhibition on cochlear explants. Finally, Chapter 5 covers in vivo lineage
tracing of neonatal mouse supporting cells during Notch inhibition.
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Chapter 1
Using lineage tracing during generation of new hair cells
Introduction
Lineage tracing is a method of labeling particular cell populations and following them
over time. This can be accomplished using the Cre-lox system, which involves crossing a Cre
mouse line driven by a genetic marker specific to the cells of interest with a reporter mouse line
(Figure 1). The reporter construct is driven by a ubiquitous promoter such as cytomegalovirus
early enhancer element and chicken beta-actin promoter (CA G) and contains lox sites flanking a
stop sequence upstream of a reporter gene. Cre recombinase cuts the DNA at the lox sites,
excising the stop sequence whenever both the Cre and reporter constructs are expressed in the
same cell. This allows for transcription of the reporter gene in the target cells. The advantage of
using this system of labeling is that Cre recombination at the lox sites results in a permanent
change to the DNA, allowing the cells of interest to continue expressing the reporter regardless
of whether the marker gene continues to be expressed. This makes the Cre-lox system
particularly useful for labeling supporting cells that may turn into hair cells.
To perform lineage tracing of supporting cells, an appropriate supporting cell marker
gene must first be identified. Lineage tracing of a general population of supporting cells can be
achieved using a marker such as Sox2, a member of the highly conserved SOX family of
transcription factors expressed in almost all types of supporting cells. Although widely expressed
during development for prosensory specification,
17
Cre-lox System
Cre $lislox
Supporting cells All other cells
Figure 1. Use of the Cre-lox system for lineage tracing
A supporting cell-specific Cre mouse line is mated with a reporter line driven by the ubiquitous promotor
CAG, expressed in all cell types. In the supporting cells of double transgenic offspring, Cre cuts the
reporter construct at the lox sites, excising the tdTomato gene and the stop sequence. This allows eGFP to
be transcribed, permanently turning the supporting cells green. All other cell types, which do not express
Cre, will remain red due to expression of tdTomato.
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mouse organ of Corti Sox2 expression at the time of birth is confined to the supporting cells
(Dabdoub et al., 2008; Oesterle et al., 2008). Sox2 is a general marker of both adult and neonatal
supporting cells, expressed in almost all supporting cell types and the greater epithelial ridge
(GER) in neonates (Oesterle et al., 2008). While a general supporting cell marker is useful for
determining if supporting cells can transdifferentiate into new hair cells, a marker gene with a
narrower pattern of expression is necessary to determine which supporting cell types are capable
of transdifferentiation. Lgr5 was chosen as a second supporting cell marker for lineage tracing
due to its expression in a smaller subset of neonatal supporting cells, including 3rd Deiter's cells,
inner pillar cells, inner border cells, and the GER (Figure 2, (Shi et al., 2012)).
Because Sox2 and Lgr5 are widely expressed in the prosensory epithelium during
development, the Sox2-Cre and Lgr5-Cre constructs also contain a mutant form of the estrogen
receptor (ER), responding only to the drug tamoxifen, to be used for induction of the Cre
construct. Administration of tamoxifen results in activation of Cre only in cells expressing Cre at
that point in time. This allows for induction of the Cre construct to be postponed until after
marker expression has been confined to supporting cells. Therefore, to localize Cre expression
specifically to the supporting cells of interest, the Sox2-Cre and Lgr5-Cre constructs were
induced by tamoxifen administration postnatally.
A third marker for lineage tracing was used to permanently label native hair cells as a
means of distinguishing them from new hair cells. In contrast to Sox2 and Lgr5, which are genes
specifically expressed in supporting cells, Pou4J3 is expressed exclusively in the inner and outer
hair cells by E 15.5 (Xiang et al., 1997). The Pou4J3-Cre construct is not inducible, meaning Cre
is always active and any cell expressing Pou4J3 will undergo recombination. This makes Pou4J3
lineage tracing useful for labeling all native hair cells.
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Sox2 Hensen's
GER
Inner Inner InnerOue itr
Border Phalangeal Pillar Pillar Cells
Cell Cell
Lgr5Hensen's
Cell CelC
GER
Border Phlaeal Pillar Pillar cls
Cell Cel
Figure 2. Neonatal expression of Sox2, Lgr5 and Pou4f3 in the organ of Corti
Schematic illustrates the expression of Sox2, Lgr5 and Pou4f3 in red. Sox2 is expressed in the Hensen's
cell, Deiter's cells, inner and outer pillar cells, inner phalangeal cell, inner border cell and GER. Lgr5 is
expressed in the 3 rd Deiter's cell, the inner pillar cell, the inner border cell and the GER. Pou4f3 is
expressed in the inner hair cells (IHCs) and outer hair cells (OHCs).
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This chapter describes reporter expression in both supporting cells and hair cells of the
mouse organ of Corti resulting from recombination in Sox2-Cre, Lgr5-Cre, and Pou4'3-Cre
lineage tracing.
Methods
Animals
The Sox2-Cre-ER mouse line (Arnold et al., 2011) was provided by Dr. Konrad
Hochedlinger, Harvard Medical School, Boston, MA. The Pou4f3-Cre mouse (Sage et al., 2006)
was a gift from Dr. Douglas Vetter, Tufts University, Boston, MA. The Lgr5-EGFP-IRES-Cre-
ER mouse line (Barker et al., 2007) as well as the CA G-tdTomato (Madisen et al., 2010) and
CAG-tdTomato-EGFP (Muzumdar et al., 2007) reporter lines were obtained from Jackson
Laboratory (stock #008875, 007914 and 007676 respectively). Sox2-Cre-ER and Pou4f3-Cre
mice were genotyped by polymerase chain reaction (PCR) using primers to amplify the Cre gene
(F 5'-TGG GCG GCA TGG TGC AAG TT-3', R 5'-CGG TGC TAA CCA GCG TTT TC-3').
Lgr5-EGFP-IRES-Cre-ER, CAG-tdTomato and CAG-tdTomato-EGFP mice were genotyped by
PCR according to Jackson Laboratory recommendations.
Lineage tracing
Sox2-Cre-ER mice were crossed with CAG-tdTomato-EGFP or CAG-tdTomato reporter
mice. Lgr5-EGFP-IRES-Cre-ER and Pou4f3-Cre mice were crossed with CAG-tdTomato mice.
At P1 (or both PO and P1 for Lgr5 lineage tracing), an intraperitoneal injection of 100 tl
tamoxifen dissolved in corn oil (50 mg/ml) was administered to mothers of double transgenic
(Cre- and reporter-positive) litters and delivered to the pups via the milk.
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Organ of Corti dissection
Mice positive for both Cre and the reporter construct were dissected at P2 and cochleae
removed from the temporal bones. Cochleae for organ of Corti culture were transferred to
Hanks' Balanced Salt Solution (HBSS, Invitrogen) and organ of Corti isolated. The stria
vascularis and basal hook region were removed and the organ of Corti plated and cultured as
described below. Cochleae not attained for culture were immediately fixed for 10 min in 4%
paraformaldehyde (PFA, Electron Microscopy Sciences). The organ of Corti was then isolated
and the stria vascularis and basal hook region removed. This was followed by additional fixation
in 4% PFA for 30 minutes and then storage in 1X Phosphate Buffer Solution (PBS) at 4*C until
staining.
Organ of Corti culture
Organ of Corti were plated on glass coverslips coated with poly-L-ornithine (Sigma) and
laminin (BD Biosciences) in 100 d Dulbecco's Modified Eagle Medium (DMEM, Invitrogen)
with 10% fetal bovine serum (FBS, Invitrogen) and 25 pg/ml ampicillin (Sigma), and cultured at
37*C in 5% CO2 overnight. Cultures were then placed in serum-free DMEM:F 12 (Invitrogen)
with 1% B27 supplement (Invitrogen), 25 Ig/ml ampicillin, and 0.1% dimethyl sulfoxide
(DMSO, Sigma) for 72 hours. After four days in vitro, cultures were fixed for 10 minutes with
4% PFA and stained for myosin VIla to identify hair cells and for either DsRed or GFP to
enhance the endogenous signal from the reporter.
Antibodies
The following primary antibodies were used: anti-myosin VIa (mouse IgG,
Developmental Studies Hybridoma Bank, 1:500), anti-GFP (rabbit IgG, Invitrogen, 1:500), and
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anti-DsRed (rabbit IgG, Clontech, 1:500). Immunoreactivity was visualized using Alexa Fluor-
conjugated secondary antibodies (Molecular Probes, 1:500).
Imaging and cell counting
Organ of Corti were analyzed using a Leica TCS SP5 confocal microscope. Organ of
Corti cross-sections were obtained from confocal Z-stacks using Amira imaging software. High
magnification fluorescent images of the organ of Corti were merged in Photoshop and counted
manually with ImageJ software (NIH). Counts from each organ of Corti were divided into three
regions (apex, middle and base) and hair cell counts were obtained per 100 [tm. Each counted
region was 1900 t 100 tm. Sox2 lineage tracing recombination rates were estimated by counting
the percentage of Sox2-tagged inner pillar cells in each region. LgrS lineage tracing
recombination rates were calculated for inner pillar and 3rd Deiter's cells.
Results
Sox2 neonatal expression
A confocal image of a whole mount from the apex of an organ of Corti from a P6 Sox2-
Cre-ER/CA G-tdTomato-EGFP mouse that was exposed to tamoxifen at P1 through its mother's
milk showed expression of GFP in Deiter's cells, inner and outer pillar cells, inner border cells,
inner phalangeal cells, Hensen's cells and the greater epithelial ridge (Figure 3A). This pattern of
recombination is similar to the Sox2 expression previously described by Oesterle et al. (2008).
The Sox2-Cre recombination rate appeared relatively consistent across supporting cell types. The
Sox2 lineage tag was also noted in some inner and outer hair cells. In five explants, the frequency
of outer hair cells possessing the Sox2 tag was greatest in the apex (54.47% ± 4.99% of total
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outer hair cells), infrequent in the middle region (2.43% - 1.43%), and rare in the base (0.14%
0.06%). The frequency of Sox2-tagged inner hair cells followed a similar pattern. Presumably,
these Sox2-tagged hair cells are relatively immature native hair cells still expressing Sox2 to
some degree at the time of tamoxifen exposure.
Lgr5 neonatal expression
The Lgr5 lineage tag was observed in an organ of Corti from an Lgr5-EGFP-JRES-Cre-
ER double transgenic (positive for Cre and the reporter) mouse pup in the inner border, inner
phalangeal, inner pillar and 3'd Deiter's cells as well as the GER (Figure 3B). This pattern is
consistent with previously reported neonatal expression of Lgr5, with the exception of the inner
phalangeal cells, although closer examination of the published images reveals faint expression of
Lgr5 in inner phalangeal cells (Shi et al., 2012). The observation of the Lgr5 lineage-tag in the
inner phalangeal cells likely reflects the young age of these pups when they received tamoxifen,
suggesting Lgr5 is expressed in inner phalangeal cells immediately after birth and is then quickly
downregulated. There was no significant difference in the percentage of Lgr5-tagged inner pillar
cells versus the percentage of Sox2-tagged inner pillar cells (Figure 3C). The frequency of Lgr5-
tagged 3rd Deiter's cells was considerably higher than the frequency of Lgr5-tagged inner pillar
cells, with 86.36% ± 6.46% in the apex, 94.4% ± 2.84% in the middle and 96.74% - 1.52% in
the base. Some hair cells also exhibited the Lgr5 lineage tag. In seven explants, Lgr5-tagged
outer hair cells were observed most frequently in the apex (19.80% ± 4% of total outer hair
cells), occasionally in the middle (1.95% ± 1.3%), and rarely in the base (0.22% ± 0.18%). Lgr5-
tagged inner hair cells were also seen, most frequently in the apex. This suggests that some
relatively immature hair cells, usually in the apex, were still expressing Lgr5 at PO when
tamoxifen was first delivered.
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Pou4f3 neonatal expression
A confocal image of an organ of Corti explant culture from a Pou4J3-Cre/CA G-tdTomato
mouse pup that was exposed to tamoxifen at P1 through maternal milk and dissected at P2
displayed the Pou4J3 lineage tag in all inner and outer hair cells (Figure 3D). The Pou43 tag was
also observed in some supporting cells.
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Figure 3. Reporter expression in Sox2, Lgr5 and Pou4f3 lineage tracing
(A-B, D) In confocal slices and cross-sections from neonatal organ of Corti, OHCs are labeled with
yellow asterisks and IHCs with white asterisks. A white vertical line indicates the location of the cross-
section. The scale bar is 10 [tm. (A) The apex of a Sox2-Cre-ER/CA G-tdTomato-EGFP organ of Corti
treated with tamoxifen at P1 shows reporter expression (stained for GFP, in green) in Hensen's cells,
Deiter's cells, inner and outer pillar cells, inner phalangeal cells, inner border cells, and the GER. (B) The
apex of an Lgr5-EGFP-IRES-Cre-ER/CAG-tdTomato organ of Corti treated with tamoxifen at PO and P1
exhibits reporter expression (stained for DsRed, in red) in the 3rd Deiter's cell, inner pillar cell, inner
border cell, and the GER. (C) Mouse pups used for Sox2 lineage tracing received tamoxifen once at P1,
while pups for Lgr5 lineage tracing received tamoxifen at both PO and P1. No significant difference in the
number of inner pillar cells expressing the reporter was identified between the two lineage tracing
markers. (D) The mid-apex of a Pou4J3-Cre/CAG-tdTomato organ of Corti displays reporter expression
(stained for DsRed, in red) in the IHCs and OHCs. Some supporting cells are also reporter-positive.
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Discussion
The Sox2 lineage tag was observed in all supporting cell types known to be Sox2-
positive. Similarly, all Lgr5-positive supporting cell types displayed the Lgr5 lineage tag. When
Lgr5 lineage tracing mouse pups received two doses of tamoxifen rather than a single dose, the
percentage of Sox2- and Lgr5-positive supporting cells that were lineage-tagged was similar.
The lineage tag frequency for both Sox2 and Lgr5 was highest in the apex and lowest in the base.
Presumably due to immaturity and late downregulation of Sox2 and Lgr5, the lineage tag
was observed in some hair cells for both Sox2 and Lgr5 lineage tracing. This was most
frequently observed in the apex and rarely found in the base. This complication of the lineage
tracing made it more difficult to distinguish tagged native hair cells from tagged new hair cells
derived from Sox2- or Lrg5-positive supporting cells. It was necessary to use other methods to
verify the identity of a new lineage-tagged hair cell. Pou4J3 lineage tracing was one means of
verifying Sox2 and Lgr5 lineage tracing results. Other methods are described in Chapters 2 and
3. Pou4J3 lineage tracing was effective in labeling native inner and outer hair cells.
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Chapter 2
Lineage tracing of supporting cells following gentamicin damage
Introduction
Although mammals are generally believed to lack hair cell regeneration capability, there
is some evidence of limited regenerative potential in the mammalian vestibular system and
cochlea.
The mammalian vestibular system has been suggested to exhibit some regenerative
capacity following damage (Forge et al., 1998; Kawamoto et al., 2009; Kuntz and Oesterle,
1998; Warchol et al., 1993). However, one obstacle in identifying new hair cells generated
following damage has been the challenge of discriminating between newly regenerated hair cells
and hair cells that persist or recover following damage. A recent study using viral infection of
adult mammalian utricular supporting cells with an Atohl-GFP reporter virus provided more
conclusive evidence of the generation of new hair cells after damage by facilitating detection of
newly developed hair cells (Lin et al., 2011). Marking the new hair cells in this manner is similar
in concept to lineage tracing, although it does not identify the hair cell progenitors.
Regeneration has also been investigated in mammalian cochlear hair cells. Kelley et al.
(1995) damaged individual hair cells in embryonic and neonatal organ of Corti explant cultures
using laser irradiation and then closely observed the lesion sites over several days. They
discovered that damaged outer hair cells in the embryonic cultures were quickly replaced with
new hair cells exhibiting immature stereocilia bundles. They also found that the nuclei of the
putative new cells appeared to move upward from below the hair cells to the hair cell nuclear
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layer. The nuclei also were initially small, similar to supporting cell nuclei, but became larger
and more spherical as they moved upward and the cells began to exhibit hair cell characteristics.
In neonatal cultures, they saw only a very small number of what appeared to be regenerated hair
cells at the lesion sites after the recovery period. In both embryonic and neonatal cultures,
damaged inner hair cells did not appear to be replaced with new hair cells. However,
identification of new regenerated hair cells in this study was based primarily on morphological
characteristics suggestive of immature hair cells, and they were unable to conclusively identify
newly generated hair cells.
One of the biggest challenges in identifying regenerative capacity in the mammalian
vestibular system and cochlea has been the difficulty of determining which hair cells are new.
Most methods of damaging hair cells are incomplete, making it difficult to ensure complete loss
of all native hair cells. This poses a challenge in distinguishing between regenerated hair cells
and spared or repaired native hair cells. Lineage tracing provides a method not only for
determining which hair cells are new, but also their origin. In this chapter, lineage tracing is
employed in two ways to identify new hair cells following damage with the ototoxic drug
gentamicin. One method uses the markers Sox2 and Lgr5 to follow supporting cells as they
transdifferentiate into new hair cells and the other marks native hair cells with the hair cell
marker Pou4J3 so they can be distinguished from new hair cells.
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Methods
Animals
The Sox2-Cre-ER, Pou4f3-Cre, Lgr5-EGFP-IRES-Cre-ER, and CAG-tdTomato mouse
lines were used as described in Chapter 1.
Lineage tracing
Sox2-Cre-ER mice, Lgr5-EGFP-IRES-Cre-ER, and Pou4J3-Cre mice were crossed with
CA G-tdTomato reporter mice and treated with tamoxifen as indicated in Chapter 1.
Organ of Corti culture
Organ of Corti from P2 mice positive for both Cre and the reporter construct were
isolated and plated as described in Chapter 1. One hour after dissection, cultures were treated
with 50 IM gentamicin (Sigma) in DMEM with 10% FBS and 25 Rg/ml ampicillin. Organ of
Corti were cultured overnight (16 hours) and then placed in serum-free DMEM:F12 (Invitrogen)
with 1% B27 supplement (Invitrogen), 25 Rg/ml ampicillin, and 0.1% dimethyl sulfoxide
(DMSO, Sigma) for 72 hours. Controls were cultured under the same conditions without
gentamicin. After four days in vitro, cultures were fixed and stained for myosin VIla to identify
hair cells and DsRed to enhance the endogenous signal from the reporter.
Antibodies
The following primary antibodies were used in addition to those indicated in Chapter 1:
anti-Sox2 (goat IgG, Santa Cruz Biotechnology, 1:500) and anti-prestin (goat IgG, Santa Cruz
Biotechnology, 1:400).
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Imaging and cell counting
Organ of Corti were analyzed as described in Chapter 1. Additionally, counts of lineage-
tagged outer hair cells were obtained for each region. Lineage-tagged hair cells in the pillar cell
region were counted as outer hair cells. The number of tagged hair cells in the pillar cell region
was also determined. Hair cell counts for the undamaged control group were compared to those
from the gentamicin-treated group using the Student's t-test.
Results
Treatment with gentamicin leads to outer hair cell loss in the middle and basal regions
Organ of Corti explant cultures treated with 50 pM gentamicin overnight and examined
72 hours later showed significant outer hair cell loss in all cochlear regions, with the greatest
damage in the middle and basal turns (Figure 1). In some cultures, inner hair cell loss was also
observed, particularly in the basal region.
Sox2-positive supporting cells transdifferentiate into hair cells at low frequency after damage
In the apex and middle turns of organ of Corti treated with gentamicin, significantly more
Sox2-tagged hair cells were observed in the pillar cell region than in undamaged controls (red
bars in Figure 2A). No lineage-tagged hair cells were found in the pillar cell region of the base.
The unusual location and low frequency suggested these tagged cells were new hair cells. In
addition, unlike native hair cells, these Sox2 lineage-tagged hair cells exhibited antibody staining
for Sox2 in their nuclei (arrows in Figure 2B), consistent with immature hair cells (Kempfle et
al., 2012). Organ of Corti were also stained with prestin to determine the identity of the new hair
31
cells. Prestin is a motor protein specific to the outer hair cells (Zheng et al., 2000). Many new
hair cells in the pillar region displayed prestin staining, suggesting they were new outer hair cells
(arrows in Figure 2C).
Lgr5-positive supporting cells transdifferentiate into hair cells following damage alone
Lineage tracing with Lgr5 was used to determine more precisely the subpopulation of
supporting cells capable of transdifferentiation because Lgr5 expression is more restricted than
Sox2 expression. Similar to results from Sox2 lineage tracing following gentamicin damage,
occasional Lgr5 lineage-tagged hair cells were observed in the pillar cell region after damage
(arrows in Figure 2D-G). In the apex and middle regions, significantly more Lgr5-tagged hair
cells were observed in the pillar cell region following gentamicin damage than in undamaged
controls (blue bars in Figure 2A). In the base, no lineage-tagged hair cells were found in the
pillar cell region. Sox2-positive nuclei and prestin staining in the membranes of the lineage-
tagged cells were consistent with new outer hair cells (arrows in Figure 2E-G). The expression
pattern of Lgr5 and the pillar cell location of these new hair cells suggested they were generated
by inner pillar cells.
Pou4f3 lineage tracing indicates the presence of new hair cells in the pillar cell region
following damage
We further assessed the ability of supporting cells to generate new hair cells after damage by
using Pou4J3 lineage tracing to label the original hair cells. As described in Chapter 1, in contrast
to Sox2 and Lgr5, lineage tracing with Pou4J3 marks native hair cells. A small number of hair
cells did not display the Pou4J3 lineage tag throughout the time course of the experiment, which
was indicative of newly formed hair cells. New hair cells were noted in the pillar cell region
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following gentamicin damage (arrows in Figure 2H), verifying Sox2 and Lgr5 lineage tracing
results. This is in contrast to results from Chapter 1 showing all inner and outer hair cells were
recombined in undamaged control cultures.
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Figure 1. Gentamicin treatment causes hair cell damage
(A-B) Neonatal organ of Corti explant cultures stained for myosin VI1a to identify hair cells. (A)
Undamaged control explant, (B) Gentamicin-damaged explant. (C) Quantification of OHC numbers per
100 [tm for undamaged and damaged cultures showing a significant decrease in hair cells following
gentamicin treatment for all three cochlear regions. * P < 0.05, *** P < 0.001.
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Figure 2. New hair cells are generated in the pillar cell region after gentamicin damage
(A) The number of lineage-tagged hair cells in the pillar cell region per 100 [tm in undamaged and
damaged controls for Lgr5 (blue bars) and Sox2 (red bars) lineage tracing. * P < 0.05, *** P < 0.001.
(B-H) Confocal slices and cross-sections from the mid-apex of neonatal organ of Corti explant cultures
treated with gentamicin and lineage traced using the CA G-tdTomato reporter. The endogenous signal
from the reporter was enhanced by staining for DsRed, shown in red. A white line on the whole mount
image delineates the location of the cross section. IHCs are indicated by a yellow bracket and OHCs by a
white bracket. Lineage-tagged hair cells can be identified by co-labeling with myosin Vlla and DsRed.
Arrows point to new lineage-tagged (or untagged for Pou4J3 lineage tracing) hair cells in the pillar cell
region. The scale bar is 10 [tm. (B-C) Sox2 lineage tracing images stained for Sox2 (B) and prestin (C).
(D-G) Lgr5 lineage tracing images, stained for Sox2 (E) and prestin (F-G). (H) A culture from Pou4J3
lineage tracing showing an untagged hair cell in the pillar region.
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Discussion
Through lineage tracing of both supporting cells and hair cells we have conclusively
shown for the first time the existence of limited regenerative capability in the neonatal
mammalian cochlea. Based on the location of these regenerated hair cells in the pillar cell region
and their origins in the Lgr5 lineage, we can conclude that the new hair cells are produced
through transdifferentiation of inner pillar cells. These results suggest a previously unrecognized
similarity in regenerative potential between the adult mammalian utricle and the neonatal
mammalian cochlea.
New hair cells were detected in the apical and middle regions, but rarely seen in the base.
Considering hair cell damage was greatest in the base, one possible explanation for the lack of
new hair cells is that the extensive damage in the basal region may include supporting cells,
preventing hair cell regeneration. Alternatively, this result may indicate a lower regenerative
potential in the base that may correlate with earlier differentiation.
The adult mammalian retina experiences some intrinsic neural regeneration following
damage, which is mediated by Wnt signaling (Osakada et al., 2007). It has also been
demonstrated that Wnt signaling leads to increased A tohI expression (Shi et al., 2010).
Considering that inner pillar cells express Lgr5, a downstream target of the Wnt pathway, it is
plausible the spontaneous hair cell regeneration observed in the neonatal organ of Corti
following gentamicin damage is stimulated by Wnt. Additionally, Wnt is a soluble rather than
membrane-bound protein. Hair cell loss in the base of the organ of Corti may upregulate Wnt
signaling, which could then stimulate transdifferentiation of inner pillar cells in the apex, even in
the absence of damage in that region.
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The observation that only inner pillar cells transdifferentiate in response to gentamicin
damage, rather than all Lgr5-positive supporting cells, suggests that other signaling in addition to
Wnt may stimulate inner pillar cells to become hair cells. Neonatal mouse pillar cells
specifically express Fgfr3, a fibroblast growth factor receptor (Jacques et al., 2007). In birds,
Fgfr3 is transiently downregulated in supporting cells following gentamicin damage and then
returns to normal levels after the completion of hair cell regeneration, indicating a role in
preventing supporting cells from differentiating into hair cells (Bermingham-McDonogh et al.,
2001). Consistent with this hypothesis, when the developing basilar papilla is treated with Fgf
inhibitor SU5402, extra hair cells are produced and supporting cells are lost without evidence of
proliferation, suggestive of supporting cell transdifferentiation into new hair cells (Jacques et al.,
2012). Fgfr3 null mutant mice lack inner pillar cells and exhibit an extra row of outer hair cells
(Hayashi et al., 2007; Puligilla et al., 2007). In mice, in vivo activation of Fgfr3 with Fgfl7
results in production of additional p75"*-positive (a pillar cell marker) cells and a loss of outer
hair cells (Jacques et al., 2007). These findings suggest that decreased expression of Fgfr3 in the
inner pillar cells following damage may stimulate their transdifferentiation into outer hair cells.
However, a previous study of the effects of damage on Fgfr3 expression in adult rats indicated
an increase in Fgfr3 expression following acoustic trauma (Pirvola et al., 1995). The response of
Fgfr3 to damage may differ based on the age of the animal. In the present experiment, using
neonatal mice, it is conceivable that Fgfr3 may be downregulated in inner pillar cells, which
along with increases in Wnt signaling could allow a small number of inner pillar cells to
transdifferentiate into new hair cells.
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Chapter 3
Lineage tracing of supporting cells during Notch inhibition of
damaged organ of Corti explant cultures
Introduction
Previous studies in embryonic and neonatal mammals have suggested that new hair cells
can be generated by transdifferentiation of supporting cells (Doetzlhofer et al., 2009; Hayashi et
al., 2008; Kiernan et al., 2005a; Takebayashi et al., 2007; White et al., 2006; Yamamoto et al.,
2006). One mechanism believed to stimulate supporting cell transdifferentiation is inhibition of
the Notch pathway. Both supporting cells and hair cells develop from a common progenitor cell
type (Fekete et al., 1998). Cell-to-cell contact has been implicated in activation of Notch in cells
adjacent to hair cells, resulting in a supporting cell fate, while inhibition of the Notch pathway
leads to a hair cell fate (Lanford et al., 1999; Yamamoto et al., 2006; Zine et al., 2000). Jagged2
(Jag2) and Delta-like 1 (Dlll) are membrane-bound Notch ligands expressed by developing
mammalian hair cells (Kiernan et al., 2005a; Lanford et al., 1999; Lanford et al., 2000; Morrison
et al., 1999). Binding of a ligand to a Notch receptor in an adjacent cell through cell-to-cell
contact results in cleavage of the receptor by gamma secretase (Borggrefe and Oswald, 2009).
The resulting Notch intracellular domain (NICD) can translocate to the nucleus where it
upregulates a number of genes such as Hes1 and Hes5 that inhibit Atohl and prevent a hair cell
fate (Jones et al., 2006; Zine et al., 2001). It can therefore be expected that inhibition of the
Notch pathway will result in increased Atohl expression in supporting cells, allowing for their
transdifferentiation into hair cells.
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Notch inhibition, either pharmacologic or genetic, is effective in generating
supernumerary hair cells in embryonic and neonatal mammals (Doetzlhofer et al., 2009; Hayashi
et al., 2008; Kiernan et al., 2005a; Takebayashi et al., 2007; Yamamoto et al., 2006; Zhao et al.,
2011; Zine et al., 2001). Mutations decreasing expression of the Notch receptor Notch] or the
Notch ligands Jag2 and DlII result in extra inner and outer hair cells and a reduction in
supporting cell number although this decrease does not completely account for the increase in
hair cell number (Kiernan et al., 2005a). Hes1 and Hes5 knockout mice both exhibit extra hair
cells in the organ of Corti, with additional inner hair cells found in Hes1 mutants and increased
outer hair cells in Hes5 mutants (Zine et al., 2001). Administration of DAPT to postnatal mouse
organ of Corti explants results in an increase in the number of hair cells and a decrease in the
number of Deiter's cells, suggesting that new hair cells may be generated by direct
transdifferentiation of supporting cells (Doetzlhofer et al., 2009).
While there is evidence to suggest supporting cells can transdifferentiate into new hair
cells, there is a lack of agreement about which types of supporting cells possess this capability.
Doetzlhofer et al. (2009) suggested that Deiter's cells were capable of transdifferentiation into
hair cells following DAPT treatment, while pillar cells were resistant due to their expression of
the Hes-related gene Hey2. They found that unlike Hes5, which is highly downregulated in
Deiter's cells following DAPT administration, Hey2 levels were unchanged. Additionally, in
organ of Corti explant cultures from Hey2 null mice, pillar cells disappeared in response to
DAPT, presumably because the absence of Hey2 expression made them responsive to Notch
inhibition and allowed them to transdifferentiate into hair cells. White et al. (2006) used
fluorescence-activated cell sorting (FACS) to isolate particular populations of neonatal sensory
epithelial cells from Math l-GFP mice, which display green fluorescence in A tohI (also called
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Math]) expressing cells, most notably the hair cells. Using FACS, they excluded Math l-GFP
positive hair cells and sorted for p7 5NGFR to generate a population of cells enriched in pillar and
Hensen's cells. Culture of the FACS-purified sensory epithelial cells led to the development of
cells positive for Mathl-GFP, suggesting one or both of these supporting cells types had the
capacity to generate hair cells. In a third study, mutant mouse embryos with decreased Notch
ligand expression in the hair cells or reduced Notch receptor expression in the supporting cells
demonstrated extra inner and outer hair cells and a decline in Deiter's cell numbers (Kiernan et
al., 2005a). This study also noted that the pillar cell population remained unchanged despite
evidence of proliferation, suggesting some pillar cells may have undergone transdifferentiation to
form new hair cells. The lack of agreement in these studies on the role of Deiter's cells, pillar
cells and Hensen's cells in hair cell differentiation highlights the need for a better method to
determine which progenitor cells generate new hair cells.
Lineage tracing allowed us to identify which supporting cells are capable of
transdifferentiation. In addition, we were able to investigate the transdifferentiation capability of
mammalian supporting cells in a damage model, which is more relevant to regeneration than the
study of supernumerary hair cells. Hair cell damage may result in additional signaling to help
promote generation of new hair cells. However, in previous studies, it was difficult to distinguish
between hair cell regeneration and recovery from damage. One of the benefits of using lineage
tracing is the ability to label new hair cells and determine their origins. By using lineage tracing
with a supporting cell marker, hair cells descended from supporting cells can be identified. For
supporting cell lineage tracing, we looked for cells that were positive for both the reporter,
indicating Cre recombination, and a hair cell marker. This method pinpointed hair cells that
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expressed Sox2 (or Lgr5) at the time of tamoxifen induction at PO or P1, indicating they
transdifferentiated from supporting cells.
This chapter describes the use of Sox2 and Lgr5 lineage tracing to follow supporting cells
and Pou4J3 lineage tracing to mark native hair cells in damaged organ of Corti explant cultures
after treatment with LY411575, a gamma secretase inhibitor.
Methods
Animals
Sox2-Cre-ER, Pou4f3-Cre, Lgr5-EGFP-IRES-Cre-ER, CAG-tdTomato-EGFP and CAG-
tdTomato mouse lines were used as described in Chapter 1.
Lineage tracing
Sox2-Cre-ER mice, Lgr5-EGFP-IRES-Cre-ER, and Pou4J3-Cre mice were crossed with
CAG-tdTomato or CAG-tdTomato-EGFP reporter mice and treated with tamoxifen as indicated
in Chapter 1.
Organ of Corti culture
Organ of Corti from P2 mice positive for both Cre and the reporter construct were
isolated and plated as described in Chapter 1. One hour after dissection, cultures were treated
with 50 sM gentamicin (Sigma) in DMEM with 10% FBS and 25 [tg/ml ampicillin. Organ of
Corti were cultured overnight (16 hours) and then placed in serum-free DMEM:F 12 (Invitrogen)
with 1% B27 supplement (Invitrogen), 25 [tg/ml ampicillin, and either 5 IM Dibenzazepine
(Deshydroxy LY411575, Santa Cruz) or 0.1% dimethyl sulfoxide (DMSO, Sigma) as a control.
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Undamaged controls were cultured under the same conditions without gentamicin or LY411575.
LY411575 treatment continued for 72 hours. After a total of four days in vitro, cultures were
fixed for 10 minutes with 4% paraformaldehyde (PFA, Electron Microscopy Sciences) and
stained for myosin VIla to identify hair cells and either DsRed or GFP to enhance the
endogenous signal from the reporter.
Antibodies
The following primary antibodies were used in addition to those indicated in Chapter 1:
anti-Sox2 (goat IgG, Santa Cruz Biotechnology, 1:500), anti-prestin (goat IgG, Santa Cruz
Biotechnology, 1:400), and anti-GFP (rabbit IgG, Invitrogen, 1:500).
Imaging and cell counting
Organ of Corti were analyzed as described in Chapter 1. Additionally, counts of lineage-
tagged outer hair cells were obtained for each region. Lineage-tagged hair cells in the pillar cell
region were counted as outer hair cells. Hair cell counts for undamaged and damaged control
groups were compared to those from the gentamicin/LY411575-treated group using the
Student's t-test. Lineage-tagged hair cell counts for cultures treated with gentamicin and
gentamicin/LY411575 were corrected for residual tagging of native hair cells by subtracting the
mean number of tagged hair cells in undamaged controls in each region (apex, middle and base).
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Results
Damage followed by Notch inhibition results in an increase in hair cell numbers
Treatment with 50 tM gentamicin, an ototoxic antibiotic, followed by LY411575
resulted in significantly more hair cells in all cochlear regions than seen in gentamicin-damaged
controls (Figure 1). These findings suggest LY411575 treatment subsequent to gentamicin
damage results either in the production of new hair cells or aids in the recovery of hair cells from
damage. However, hair cell numbers in the middle and base of explant cultures treated with
LY411575 were significantly lower than in undamaged controls (Figure IB), suggesting Notch
inhibition does not fully compensate for gentamicin damage.
Notch inhibition following damage leads to transdifferentiation of Sox2-positive supporting
cells into new hair cells
Notch inhibition after gentamicin damage resulted in significantly more Sox2 lineage-
tagged hair cells compared to gentamicin damaged controls in all three cochlear regions (Figure
2A). Sox2-tagged hair cells were found both in the pillar cell and outer hair cell regions, but with
greater frequency in the pillar cell region (arrows in Figure 2B-G). Although Sox2-tagged hair
cells were often observed in the apex of controls as described in Chapter 1, new lineage-tagged
hair cells were identified by their unusual location, Sox2 staining of their nuclei, or the presence
of immature stereocilia bundles. Many new hair cells in both the pillar and outer hair cell regions
showed prestin expression (white arrows in Figure 2B-C), suggesting they were new outer hair
cells. Prestin is a motility protein found uniquely in outer hair cells (Zheng et al., 2000). Other
new hair cells did not appear to be prestin positive after three days of LY411575 treatment
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Figure 1. Damage followed by Notch inhibition leads to an increase in hair cell numbers
Organ of Corti explant cultures were damaged with gentamicin for 16 hours followed by 72 hours of
LY411575 treatment. (A) Images show hair cells in the apex, middle and base of an undamaged control,
a damaged control, and a damaged/LY411575-treated explAnt culture. (B) Hair cell counts in the apex,
middle and base show significantly more OHCs per 100 sm in the damaged/LY411575-treated cultures
than in the damaged controls. * P < 0.05, **P < 0.01, *** P < 0.001.
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(yellow arrows in Figure 2B-C). Unlike native hair cells that are not Sox2-positive, many tagged
hair cells displayed Sox2 staining (arrows in Figure 2D), confirming they were new hair cells
that transdifferentiated from Sox2-positive supporting cells. Sox2-tagged hair cells were observed
in the middle region of the cochlea even in areas where most of the original hair cells had been
killed (arrows in Figure 2E-F). Stereocilia bundles were visualized with the CA G-tdTomato-
EGFP reporter. This reporter construct contains a membrane localization sequence, making the
EGFP expression resulting from recombination particularly visible in the stereocilia. Immature
stereocilia bundles were noted on many new Sox2 lineage-tagged hair cells in the pillar cell
region (white arrows in Figure 2G), further indicating they were not native hair cells. Some hair
cells in the pillar cell region that stained for Sox2 did not have green stereocilia bundles,
suggesting they were either more immature or did not undergo Cre recombination (yellow
arrows in Figure 2G).
Notch inhibition following damage results in transdifferentiation of Lgr5-positive supporting
cells into new hair cells
To define the supporting cell subpopulation capable of transdifferentiation, the marker
Lgr5 was also used for lineage tracing. Sox2 is a general supporting cell marker, whereas Lgr5 is
expressed in a smaller subset of supporting cells. In the apex and middle regions, significantly
more Lgr5 lineage-tagged outer hair cells were observed following gentamicin/LY411575
treatment compared to cultures receiving gentamicin alone (Figure 3). There was no significant
difference in the number of Lgr5-tagged outer hair cells between damaged controls and
LY411575 treated explants in the basal region. This suggests LYl 1575 treatment following
damage resulted in transdifferentiation of Lgr5-positive supporting cells into new hair cells in the
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Figure 2. Sox2-positive supporting cells transdifferentiate following damage and
LY411575 treatment
(A) Sox2 lineage-tagged OHCs per 100 sm for damaged controls and gentamicin/LY411575-treated
explants. * P <0.05. (B-G) Confocal slices and cross-sections of organ of Corti explant cultures treated
with gentamicin/LY411575 and Sox2 lineage traced using either the CAG-tdTomato reporter stained for
DsRed in red (B-F) or the CA G-tdTomato-EGFP reporter stained for GFP in green (G). A white line on
the whole mount image delineates the location of the cross section. IHCs are indicated by a yellow
bracket and OHCs by a white bracket. White arrows point to examples of new lineage-tagged hair cells
(positive for myosin VI~a and either DsRed or GFP). The scale bar is 10 ptm. (B-C) Prestin staining in a
Sox2 lineage-tagged hair cell in the mid-apex suggests an OHC identity (white arrows). Other Sox2-
tagged hair cells are negative for prestin (yellow arrows). (D) Sox2 staining in the nucleus of a new hair
cell in the mid-apex. (E) In the middle region, a row of new lineage-tagged hair cells is seen in what
appears to be the pillar cell region after extensive hair cell damage. (F) In the middle region, a new Sox2-
tagged hair cell can be observed in the OHC area after hair cell loss. (G) In the mid-apex, some new
lineage-tagged hair cells (indicated by Sox2-positive nuclei and GFP expression) in the pillar cell region
have immature stereocilia bundles (white arrows), while others do not (yellow arrows).
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apical and middle regions of the organ of Corti. Although some Lgr5-tagged hair cells were
observed in the apex of controls as described in Chapter 1, new lineage-tagged hair cells were
identified by their unusual location or Sox2 staining of their nuclei. Tagged hair cells were
found both in the pillar and outer hair cell regions and were confirmed as new by the presence of
Sox2 staining (arrows in Figure 4A-D). Based on their location and the expression pattern of
Lgr5, these new hair cells appear to be descended from Lgr5-positive inner pillar and 3 rd Deiter's
cells. Many Lgr5-tagged hair cells were stained for prestin (arrows in Figure 4A-C), suggesting
they were new outer hair cells. Quantification of the percentage of total Lgr5-tagged outer hair
cells located in the pillar region (corrected for tagged outer hair cells in the undamaged controls)
indicated Lgr5 lineage-tagged outer hair cells occurred most frequently in the pillar cell region
(62.4% t 15.59% of the total in the apex, 88.14% ± 11.61% in the middle, and 40% ± 24.49% in
the base). This suggests inner pillar cells give rise to the majority of new hair cells in the apical
and middle regions.
Pou4J3 lineage tracing confirms the presence of new hair cells in the pillar and outer hair cell
regions
We further confirmed the ability of supporting cells to transdifferentiate into hair cells by
using lineage tracing with a hair cell marker to tag the original hair cells. Pou43 is specifically
expressed in inner and outer hair cells by E15.5 (Xiang et al., 1997). Because the Pou43
construct is not inducible, Cre is always active and any cell ever expressing Cre will be labeled
with the Pou43 lineage tag. All native inner and outer hair cells show reporter expression,
indicating Cre recombination. New hair cells display the lineage tag once they begin to express
Pou4J3, but there is a time lag before the reporter becomes visible. In damaged organ of Corti
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Figure 3. Lgr5-positive supporting
treatment
cells transdifferentiate following damage and LY411575
(A) Images of the three regions of the organ of Corti from a damaged control and a damaged/LY411575-
treated explant culture that were Lgr5 lineage traced using the CA G-tdTomato reporter. The endogenous
signal from the reporter was enhanced by staining for DsRed, shown in red. IHCs are indicated by a
yellow bracket and OHCs by a white bracket. Hair cells from the Lgr5 lineage are double positive for
myosin VIa and DsRed (arrows). (B) Hair cell counts from the apex and middle regions indicate
significantly more Lgr5 lineage-tagged OHCs per 100 im in the damaged/LY411575-treated cultures
than in the damaged controls. * P < 0.05, *** P < 0.001.
48
A
Apex
Middle
Base
B 12
E 10-
8-
4-
A
w%2
=
0-
- ***
cultures treated with LY411575, untagged hair cells were observed in the pillar and outer hair
cell regions (arrows in Figure 4E-F), indicating these were newly generated hair cells. In
contrast, as seen in Chapter 1, in undamaged control cultures, all inner and outer hair cells were
lineage-tagged.
Inner pillar and 3 rd Deiter's cells are the main sources of new hair cells
After correction for the number of lineage-tagged outer hair cells in undamaged controls,
a comparison of the total tagged outer hair cells for Lgr5 and Sox2 lineage tracing following
gentamicin and LY411575 treatment indicated no significant difference between the two
supporting cell markers in any region of the cochlea (Figure 5). If a supporting cell type other
than inner pillar and 3rd Deiter's cells contributed to the production of new hair cells, this should
result in greater numbers of lineage-tagged outer hair cells for Sox2 than for Lgr5 due to the
relatively restricted expression of Lgr5 in neonatal supporting cells. The similarity in number of
lineage-tagged outer hair cells between Lgr5 and Sox2 suggests Lgr5-positive supporting cells
are the primary contributors to new hair cell production.
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Figure 4. Lgr5 and Pou4f3 lineage tracing identifies new hair cells after
gentamicin/LY411575 treatment
Mid-apex confocal slices and cross-sections from gentamicin/LY411575-treated organ of Corti explant
cultures lineage traced using the CAG-tdTomato reporter. The endogenous signal from the reporter was
enhanced by staining for DsRed, shown in red. A white line on the whole mount image delineates the
location of the cross section. IHCs are indicated by a yellow bracket and OHCs by a white bracket.
Arrows point to new lineage-tagged (or untagged for Pou4f3 lineage tracing) hair cells. The scale bar is
10 [tm. (A-C) Prestin and myosin Vlla co-labeling in cells of the pillar cell region is suggestive of new
OHCs. (D) Sox2 staining in the nuclei of Lgr5 lineage-tagged hair cells in the pillar cell region indicates
new hair cells. (E-F) Pou4J3 lineage tracing results in new untagged hair cells in the pillar cell and OHC
regions.
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Figure 5. Comparison of lineage-tagged OHCs in Sox2 and Lgr5 lineage tracing
Lineage-tagged OHC counts per 100 [tm (plotted on a logarithmic scale) following gentamicin/LY411575
treatment show no significant difference between Sox2 and Lgr5 lineage tracing in any of the cochlear
regions.
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Discussion
Supporting cell lineage tracing was used to conclusively demonstrate the capability of
supporting cells to transdifferentiate into new hair cells following damage and Notch inhibition.
This was accomplished using Sox2, a general supporting cell marker; Lgr5, a supporting cell
marker expressed specifically in the inner border, inner pillar and 3rd Deiter's cells; and Pou4J3,
a hair cell marker. Most notably, the supporting cell types identified as progenitor cells that
transdifferentiate into hair cells were Lgr5-positive inner pillar and 3rd Deiter's cells. This
provides confirmation of the recent finding that Lgr5 expression marks a population of inner ear
stem cells that can give rise to hair cells (Shi et al., 2012) and suggests inner pillar and 3 rd
Deiter's cells possess stem cell characteristics.
Similar to our results, White et al. (2006) found Hensen's and/or pillar cells were more
capable of generating new hair cells than other sensory epithelial cells. The suggestion that pillar
cells are resistant to transdifferentiation following Notch inhibition (Doetzlhofer et al., 2009)
does not agree with our conclusion. Their publication fails to distinguish between inner and outer
pillar cells and the markers used (Prox1, p75, Hey2) are all found in both types of pillar cells. In
addition, ProxI is expressed in both pillar and Deiter's cells (Bermingham-McDonogh et al.,
2006), making it possible to mislabel these cell types. The cells claimed to be resistant to DAPT
treatment (see Figure 2A, yellow bracket) are most likely the outer pillar and the 1 't row of
Deiter's cells rather than the inner and outer pillar cells. Based on this interpretation, their data
are in agreement with our findings.
Only two types of supporting cells appear to transdifferentiate into new hair cells in
response to damage followed by gamma secretase treatment, suggesting Notch inhibition alone is
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not sufficient to induce transdifferentiation in most supporting cell types. This is surprising given
the finding of Doetzlhofer et al. (2009) that Hes5 mRNA expression in neonatal organ of Corti
explant cultures was almost completely lost following DAPT treatment. Hes5 mRNA is normally
expressed in all three Deiter's cells in the neonatal organ of Corti (Doetzlhofer et al., 2009).
Therefore, downregulation of Hes5 would be expected to lead to transdifferention of all Deiter's
cells. Our results thus suggest that unlike other Deiter's cells, the 3rd Deiter's cell possesses
properties that endow it with the capacity for transdifferentiation. The neonatal 3rd Deiter's cell
differs from the other Deiter's cells by expression of Lgr5, which is also expressed in inner pillar
and inner border cells. Lgr5, a downstream target of the Wnt pathway, is a marker of intestinal
stem cells (Barker et al., 2007) and has been shown to mark progenitor cells that can give rise to
new hair cells (Shi et al., 2012). Lgr5 expression in combination with Notch inhibition may be
necessary to stimulate supporting cell transdifferentiation, rendering inner pillar and 3rd Deiter's
cells most capable of generating new hair cells.
Fgfr3 expression, found specifically in neonatal mouse inner and outer pillar cells, may
be an additional factor for promoting transdifferentiation (Jacques et al., 2007). Fgfr3 is
expressed in supporting cells of the chicken basilar papilla and is transiently downregulated in
damage-induced hair cell regeneration (Bermingham-McDonogh et al., 2001). Treatment of the
developing basilar papilla with FGF antagonist SU5402 resulted in an increase in hair cell
numbers and a decrease in supporting cells, consistent with transdifferentiation of supporting
cells into new hair cells (Jacques et al., 2012). These findings suggest that Fgfr3 prevents
supporting cells from adopting a hair cell fate in birds. A similar role has been indicated in
mammals where Fgfr3b mice exhibit an extra row of outer hair cells and a lack of inner pillar
cells (Hayashi et al., 2007; Puligilla et al., 2007), while in vitro activation of Fgfr3 leads to the
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production of additional pillar cell-like cells and a reduction in outer hair cells (Jacques et al.,
2007). Additionally, treatment of neonatal mouse organ of Corti explant cultures with SU5402 in
combination with DAPT leads to the generation of significantly more supernumerary hair cells
than treatment with DAPT alone as well as a significant reduction in Hey2 expression and a loss
of pillar cells (Doetzlhofer et al., 2009). Our experiment did not utilize an FGF inhibitor in
combination with Notch inhibition; however, gentamicin damage may reduce Fgfr3 expression
in neonatal mammalian pillar cells as has been shown in birds and allow for greater inner pillar
cell transdifferentiation in response to Notch inhibition. Additionally, the Wnt signaling found
in Lgr5-positive supporting cells may also play a role in downregulating Fgfr3 in inner pillar
cells. The presence of Fgfr3 expression in inner pillar cells, in combination with Lgr5, may
provide this cell type with increased capability for transdifferentiation into new hair cells in
response to damage and Notch inhibition.
Prestin staining in many of the new hair cells in both the pillar and outer hair cell regions
was consistent with an outer hair cell identity. We did not observe new hair cells bordering the
original inner hair cells. Mutant mouse embryos with a reduction in expression of either the
Notch ligands, Jag2 and DlI1, or the Notch receptor, Notch1, exhibit supernumerary inner hair
cells as well as outer hair cells (Kiernan et al., 2005a). However, Hes], which is expressed in the
supporting cells surrounding the inner hair cells does not appear to be downregulated in neonatal
mice by treatment with a gamma secretase inhibitor (Doetzlhofer et al., 2009). The apparent lack
of new inner hair cells in this study may be due to the age of the explant cultures or differences
in the effects of decreasing expression of Jag2/DlJ1 or Notch] versus inhibiting cleavage of
Notch by gamma secretase.
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Although the majority of new hair cells were observed in the apical and middle regions in
areas with limited hair cell damage, small numbers of new hair cells were noted in areas of
extensive damage in the middle and basal turns. The paucity of new hair cells in these regions
may be due to damage to more than just hair cells, such as a disruption of the normal cellular
architecture or a loss of supporting cells. Notch inhibition may be useful for stimulating hair cell
regeneration in these regions, although the efficiency appears low. Our results are consistent with
the study by Doetzelhofer et al. (2009) showing treatment with DAPT resulted in the greatest
increase in hair cell numbers in the apex. The preference for hair cell generation in the apex and
middle regions may be a general phenomenon related to the relative immaturity of these hair
cells compared to those in the basal region. Alternatively, it may be the result of differences in
susceptibility to Notch inhibition between the apex and the base.
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Chapter 4
Are new hair cells generated through proliferation?
Introduction
Mitosis in the sensory epithelium accompanies hair cell regeneration in birds (Corwin
and Cotanche, 1988; Ryals and Rubel, 1988). Tritiated thymidine injected after acoustic trauma
in quails and chickens was detected in hair cells and supporting cells, indicating they were
generated through cell division.
Another common method of detecting cell proliferation is through the use of
bromodeoxyuridine (BrdU), a synthetic analogue of thymidine. During DNA replication of
dividing cells, BrdU replaces thymidine and its integration into DNA can be detected with an
antibody. Roberson et al. (2004) damaged chick hair cells with gentamicin and found evidence of
two separate mechanisms of regeneration with distinct time courses. None of the new hair cells
generated within the first four days after damage were labeled with BrdU, indicating they were
not the product of renewed cell division. However, by five to six days post-damage, some BrdU-
labeled hair cells began to appear and at 10 days, the majority of hair cells showed signs of
proliferation. They also noted the presence of many intermediate cells with unusual elongated
morphology displaying characteristics of both supporting cells and hair cells. These cells are
suggestive of transdifferentiation of supporting cells into hair cells without cell division. They
hypothesized that following an initial round of direct transdifferentiation, supporting cell division
serves to replenish the depleted supporting cell population and fuel additional regeneration.
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A similar combination of direct transdifferentiation and proliferation has been
demonstrated in embryonic mammals after inhibition of the Notch pathway (Kiernan et al.,
2005a; Takebayashi et al., 2007). In embryos from Jag2/Dll1 double mutant mice, Kiernan et al.
(2005a) observed extra inner and outer hair cells and a reduction in the supporting cell
population, but the supporting cell decrease could not fully account for the increase in hair cell
numbers. To determine if hair cells might be generated through proliferation, mutant mice were
treated with BrdU at E14.5 (after hair cells exit the cell cycle). Limited BrdU labeling was found
in hair cells. However, BrdU labeling was detected in several supporting cell types; most
frequently in pillar cells, but also in Deiter's and Hensen's cells. These results suggested that
supernumerary hair cells generated by inhibition of Notch in embryonic mammals resulted
primarily from direct transdifferentiation, but the supporting cell population was replenished to
some extent through proliferation. Another study of the effects of Notch inhibition on the
embryonic mouse organ of Corti found no BrdU labeling in extra hair cells from E17.5 explant
cultures treated with a gamma secretase inhibitor for two days (Takebayashi et al., 2007), but
some BrdU labeling was seen after six days. The observation of proliferation following Notch
inhibition is surprising considering Notch has been shown to induce proliferation in embryonic
(Das et al., 2010) and inner ear stem cells (Jeon et al., 2011).
A study of pharmacologic Notch inhibition in neonatal mouse explant cultures failed to
detect any proliferation following three days of gamma secretase inhibitor and BrdU treatment
(Doetzlhofer et al., 2009), suggesting that stimulation of cell division may be confined to the
embryonic stage. White et al. (2006) isolated mouse sensory epithelial cells and co-cultured them
with periotic mesenchymal cells, leading to the generation of new myosin VI-positive hair cells.
When neonatal sensory epithelium was used, many of these new hair cells were labeled for
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BrdU, whereas BrdU was absent in cells cultured from P14 mice. These studies suggest that the
capacity for mammalian supporting cells to re-enter the cell cycle is age-dependent.
This chapter describes BrdU labeling of neonatal mouse organ of Corti explant cultures
to determine whether gentamicin damage alone or gentamicin followed by treatment with a
Notch inhibitor can promote proliferation in supporting cells or hair cells.
Methods
Animals
Sox2-Cre-ER, Lgr5-EGFP-IRES-Cre-ER, and CAG-tdTomato mouse lines were used as
described in Chapter 1. Single transgenic (positive only for the reporter) littermates of mice
harboring both the Cre and the reporter constructs were used for these experiments.
Organ of Corti culture
Organ of Corti from P2 mice were isolated and plated as described in Chapter 1 and then
treated with gentamicin as indicated in Chapter 3. After 16 hours of gentamicin treatment,
cultures were placed in serum-free DMEM:F12 (Invitrogen) with 1% B27 supplement
(Invitrogen), 25 tg/ml ampicillin, 10 tM BrdU, and either 5 pM Dibenzazepine (Deshydroxy
LY411575, Santa Cruz) or 0.1% dimethyl sulfoxide (DMSO, Sigma) for 72 hours. Undamaged
controls were cultured under the same conditions without gentamicin or LY411575. After four
days in vitro, the cultures were fixed for 10 minutes with 4% paraformaldehyde (PFA, Electron
Microscopy Sciences), treated with 2N HCl for 30 minutes at 37*C, and stained for myosin VILa
to identify hair cells, BrdU to detect proliferation, and Sox2 to label supporting cells.
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Antibodies
The following primary antibodies were used: anti-Sox2 (goat IgG, Santa Cruz
Biotechnology, 1:500), anti-myosin Vla (rabbit IgG, Proteus Biosciences, 1:500), and anti-BrdU
(rat IgG, ABD Serotec, 1:100).
Imaging and cell counting
Organ of Corti were analyzed as described in Chapter 1. BrdU/Sox2/myosin Vlla-
positive cell counts for the gentamicin- and gentamicin/LY411575-treated groups as well as the
undamaged control group were compared using the Student's t-test.
Results
Damage leads to generation of a small number of hair cells through proliferation
Organ of Corti cultures treated with gentamicin followed by BrdU to detect proliferation
exhibited a small number of myosin VILa-positive cells in the pillar cell region that were also
labeled for Sox2 and BrdU (arrows in Figure lA-B). These cells were seen only in the apical turn
of the cochlea and often occurred in pairs. In 16 organ of Corti cultures, myosin
VIIa/Sox2/BrdU-positive cells were observed with a mean frequency of 0.625 t 0.221 per organ
of Corti, which is significantly more than was seen in undamaged controls (P < 0.01). Given our
findings from Chapter 2 indicating inner pillar cells are the source of new hair cells in the pillar
cell region, these results suggest that in response to damage, inner pillar cells can undergo
proliferation prior to transdifferentiation.
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Damage followed by Notch inhibition results in limited proliferation
Cultures damaged with gentamicin and then treated with BrdU and LY411575 also
display occasional myosin VIIa/BrdU/Sox2-positive cells in the pillar cell region (arrows in
Figure 1C-D). Among seven explant cultures, an average of 15.571 t 12.66 triple-positive cells
were observed per organ of Corti. The variability was high, with some cultures lacking any
BrdU-positive hair cells, resulting in no significant difference when compared to the gentamicin-
treated group or the undamaged control group. This suggests limited proliferation contributed to
a small number of new hair cells.
No proliferation observed in controls
In contrast to the small degree of proliferation observed in response to gentamicin
damage and damage followed by Notch inhibition, seven undamaged control organ of Corti
cultures exhibited no evidence of proliferation in supporting cells or hair cells (Figure 1 E).
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Figure 1. Limited proliferation occurs after gentamicin and gentamicin/LY411575
treatment
Confocal slices and cross-sections from BrdU-treated organ of Corti explant cultures. A white line on the
whole mount image delineates the location of the cross section. IHCs are indicated by a yellow bracket
and OHCs by a white bracket. The scale bar is 10 rim. Arrows point to triple-labeled myosin
VIIa/Sox2/BrdU-positive cells in the pillar region. (A-B) The mid-apex of a gentamicin-treated organ of
Corti explant shows a pair of triple-labeled hair cells in the pillar cell region. (C-D) A triple-labeled hair
cell can be seen in the mid-apex of a gentamicin/LY411575-treated explant culture. A BrdU-negative,
Sox2-positive hair cell in the pillar cell region is indicated with an asterisk. (E) No co-labeling of BrdU
with Sox2 or myosin VIla is observed in the apex of an undamaged control.
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Discussion
We have demonstrated a small proliferative response to gentamicin damage in the
neonatal mouse cochlea. Our results suggest an additional similarity between the mammalian
cochlea and the avian basilar papilla - hair cell regeneration involves a combination of
proliferation and transdifferentiation of supporting cells. The fact that the hair cells positive for
both BrdU and Sox2 were confined to the apex is consistent with age-dependent proliferative
capacity in the more recently differentiated apical region. The pillar cell location of these new
hair cells is interesting given our Lgr5 lineage tracing findings, which demonstrate inner pillar
cell transdifferentiation into new hair cells following damage, and suggests a small number of
neonatal inner pillar cells in the apex of the organ of Corti undergo cell division before
transdifferentiation.
Proliferation was also observed in several organ of Corti explant cultures following
treatment with gentamicin and a Notch inhibitor, although the degree of variability made it
difficult to determine whether Notch inhibition increased proliferation. Previous studies in
which embryonic and neonatal mouse organ of Corti explant cultures were treated with a gamma
secretase inhibitor for two to three days showed no evidence of proliferation in the new hair cells
(Doetzlhofer et al., 2009; Takebayashi et al., 2007). However, Takebayashi et al. did find a
small number of cells double positive for both myosin VIla and BrdU, most frequently in the
pillar cell region, when they treated E17.5 explant cultures with BrdU and DAPT for six days.
These data are consistent with our findings and the use of hair cell damage in addition to Notch
inhibition may explain why we saw proliferation over a shorter time course.
The observation of even a limited amount of supporting cell proliferation in neonatal
mice is encouraging. Transdifferentiation without proliferation may pose a problem for hair cell
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regeneration in terms of cellular composition of the cochlea because without supporting cell
division, the supporting cell population would be diminished at the expense of hair cells.
Ultimately, to maintain the normal cellular arrangement of the organ of Corti, supporting cell
division is likely to be necessary.
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Chapter 5
In vivo lineage tracing during Notch inhibition
Introduction
Although in vitro studies of hair cell regeneration are often easier to perform, we felt it
was important to validate our in vitro findings using an in vivo model because an artificial culture
environment may alter the natural response to changes in Notch signaling.
Disruption of the Notch pathway in the murine inner ear in vivo through mutation of the
Notch receptor, Notch1, or the Notch ligands, Jag2 and D1, results in increased inner and outer
hair cells (Kiernan et al., 2005a). Although new hair cells appear to be descended from
supporting cells based on a decrease in supporting cell number, this was not confirmed through
lineage tracing. Additionally, Notch signaling was inhibited during the embryonic stage while
the organ of Corti was still developing. Most likely, many non-sensory epithelial cells are
capable of giving rise to hair cells during development. Once supporting cells have
differentiated, they may no longer be able to transdifferentiate into hair cells in response to
Notch inhibition.
Most adult in vivo studies of hair cell regeneration have not used lineage tracing, making
it difficult to distinguish between regenerated hair cells and hair cells that recover after damage.
Izumikawa et al. (2005) damaged the adult guinea pig cochlea with ototoxic drugs and
administered an adenovirus to overexpress Atohl. However, because the animals suffered
incomplete hair cell loss, it was difficult to conclusively prove that Atohl overexpression had
resulted in regenerated hair cells. Sox2 lineage tracing in adult mice has been used in our work to
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show outer hair cells can regenerate following hair cell loss from acoustic trauma when the
cochlea is treated with LY411575 (Mizutari et al., 2012). Through lineage tracing, this study also
demonstrated that the new hair cells originated from Sox2-positive supporting cells.
This chapter describes two types of in vivo experiments in neonatal mice using Notch
inhibition to generate new hair cells. The first experiment involves pharmacologic inhibition of
Notch and the second experiment employs lineage tracing along with genetic inhibition of
Notch].
Methods
Animals
Sox2-Cre-ER, Lgr5-EGFP-IRES-Cre-ER, CA G-tdTomato-EGFP and CAG-tdTomato
mouse lines were used as described in Chapter 1. The floxed Notch] mouse line (Yang et al.,
2004) was obtained from the Jackson Laboratory (stock #007181) and genotyped according to
their recommendations.
Lineage tracing with systemic injection of a Notch inhibitor
At P2, mouse pups began to receive subcutaneous injections of LY411575 (3 mg/kg of
body weight) every 12 hours for a total of five injections. At P6, pups were dissected and
cochleae were removed from the temporal bone and transferred to Hanks' Balanced Salt Solution
(HBSS, Invitrogen). Organ of Corti were isolated and the stria vascularis and basal hook region
were removed. Organ of Corti were then plated on glass coverslips coated with poly-L-ornithine
(Sigma) and laminin (BD Biosciences, Bedford, MA), cultured overnight in serum-free
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DMEM:F12 with ampicillin, fixed for 10 minutes with 4% PFA, and stained as indicated in
Chapter 1.
Lineage tracing with genetic inhibition of Notch
Double transgenic mice heterozygous for the Sox2-Cre-ER (or Lgr5-EGFP-RES-Cre-
ER) construct and homozygous for floxed Notch] were crossed with mice homozygous for both
CA G-tdTomato and floxed Notch] to produce triple transgenic pups heterozygous for the Cre
and reporter alleles and homozygous for floxed Notch!. At P1 (or both PO and P1 for LgrS
lineage tracing), an intraperitoneal injection of 100 pl tamoxifen dissolved in corn oil (50 mg/ml)
was administered to mothers of double transgenic litters and passed to the pups via the milk.
Mouse pups were dissected at P6 and cochleae removed from the temporal bone. Cochleae were
immediately fixed for 10 min in 4% paraformaldehyde (PFA, Electron Microscopy Sciences).
Organ of Corti were then isolated and the stria vascularis and basal hook region removed. This
was followed by additional fixation in 4% PFA for 30 minutes and then storage in 1X Phosphate
Buffer Solution (PBS) at 4*C until staining. Control cochleae positive for only the Cre construct
and CA G-tdTomato were treated in the same manner.
Antibodies
The following primary antibodies were used: anti-myosin VIla (rabbit IgG, Proteus
Biosciences 1:500), anti-Sox2 (goat IgG, Santa Cruz Biotechnology, 1:500), and anti-prestin
(goat IgG, Santa Cruz Biotechnology, 1:400).
Imaging and cell counting
Organ of Corti were analyzed as described in Chapter 1. Additionally, in the genetic
Notch inhibition experiment, counts of lineage-tagged outer and inner hair cells were obtained
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for each region. Hair cell counts for the control group were compared to those from the Notch]-
inhibited group using the Student's t-test.
Results
Notch inhibition with a gamma secretase inhibitor results in supernumerary hair cells in the
pillar cell region
Two single transgenic (positive only for the CAG-tdTomato-EGFP reporter) mouse pups
injected with LY411575 beginning at P2 as described above and dissected at P6 were found to
have extra myosin VIla positive hair cells in the pillar cell and outer hair cell regions (arrows in
Figure lA-F). In cross section, supernumerary hair cells were observed either above or below the
3 rd outer hair cell (arrows Figure lA-B); although without lineage tracing, it could not be verified
which hair cells were new. Some of these new hair cells appeared to have immature stereocilia
bundles on their apical surfaces (arrow Figure 1 D). Additionally, many of these supernumerary
hair cells in the pillar cell region were prestin positive (arrows Figure IE-F), suggesting they
were outer hair cells.
Many attempts were made to complete this experiment with Sox2 or Lgr5 lineage tracing.
However, systemic injection of LY411575 in neonatal mice to produce extra hair cells proved
extremely difficult as the dose of the drug necessary to stimulate hair cell production was toxic to
the animals.
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Figure 1. New hair cells are generated through in vivo pharmacologic inhibition of Notch
Confocal slices and cross-sections of organ of Corti whole mounts from mouse pups injected with
LY411575. A white line on the whole mount image delineates the location of the cross section. IHCs are
indicated by a yellow bracket and OHCs by a white bracket. Arrows point to presumed new hair cells.
The scale bar is 10 sim. (A-B) Extra hair cells seen on the lateral edge of the OHCs in the whole mount
appear to be located either under or on top of the 3'd OHC in the cross section. (A) is from the middle
region and (B) from the mid-apex. (C) In the mid-apex, extra hair cells can be seen in the pillar cell
region. (D) A whole mount from the same location as (C) displays immature stereocilia bundles on top of
the hair cells in the pillar cell region. (E-F) In the mid-apex, an extra hair cell in the pillar cell region is
prestin positive.
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Genetic inhibition of Notch] results in transdifferentiation of Sox2-positive supporting cells
into new hair cells
Transgenic mice homozygous for the floxed Notch] construct were crossed with Sox2-
Cre-ER or Lgr5-EGFP-IRES-Cre-ER mice to excise Notch] in the supporting cells expressing
Cre after tamoxifen administration. To enable lineage tracing, a triple transgenic mouse was bred
that expressed Cre, floxed Notch], and the reporter. Organ of Corti from a mouse pup
hetereozygous for the Sox2-Cre-ER and CA G-tdTomato constructs and homozygous for floxed
Notch] displayed significantly more Sox2 lineage-tagged outer hair cells than controls in the
apex and middle regions (Figure 2A). Sox2 lineage-tagged hair cells were located most
frequently on the lateral edge of the outer hair cells (arrows in Figure 2B,C&E). The presence of
immature stereocilia bundles helped identify many of the Sox2-tagged hair cells as new (arrow in
Figure 2B). Additional new hair cells were observed on the medial side of the outer hair cells
(arrows in Figure 2D). The new hair cells appeared to move up from the supporting cell layer to
the level of the hair cells and often left behind a gap in the supporting cell region (arrows in
Figure 2E-E").
Additionally, in the apex, we observed significantly more Sox2-tagged hair cells in the
inner hair cell region compared to controls (Figure 3A). Lineage-tagged hair cells were found on
both the lateral and medial sides of the inner hair cells (arrows in Figure 3B-D). Sox2 staining in
many of these hair cells confirmed that they were new (arrows in Figure 3B-C). Other Sox2-
tagged hair cells that appeared new based on their location had only faint or non-existent Sox2
staining (arrows in Figure 3D), possibly due to a longer period of Notch inhibition in this
experiment versus the in vitro experiments. This additional time may have allowed for more
complete downregulation of Sox2 in new hair cells that developed earlier in the experiment.
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Figure 2. New hair cells are generated in the OHC region through in vivo genetic Notch
inhibition
(A) Lineage-tagged OHC counts per 100 [tm for neonatal double transgenic Sox2-Cre-ER/CA G-tdTomato
controls and triple transgenic Sox2-Cre-ER/floxed Notch 1/CA G-tdTomato mouse pups treated with
tamoxifen at P1 and dissected at P6. *** P <0.001, ** P < 0.01. (B-E) Organ of Corti confocal slices and
cross-sections from a triple transgenic Sox2-Cre-ER/floxed Notch 1/CA G-tdTomato neonatal mouse. The
endogenous signal from the reporter was enhanced by staining for DsRed, shown in red. A white line on
the whole mount image delineates the location of the cross section. IHCs are indicated by a yellow
bracket and OHCs by a white bracket. Lineage-tagged hair cells are identified by co-labeling of myosin
VIla and DsRed. White arrows point to new Sox2 lineage-tagged hair cells. The scale bar is 10 ptm. (B-C)
Whole mounts from different planes at the same location in the middle region. (B) An immature hair
bundle can be observed on top of a lineage-tagged hair cell at the lateral edge of the OHCs. (C) The same
tagged hair cell appears to be located under the 3rd OHC in cross section. (D) In the apex, a new Sox2-
positive lineage-tagged hair cell can be seen on the medial edge of the OHCs. (E) In the middle region, a
new Sox2-tagged hair cell at the lateral edge of the OHCs appears in cross-section to have moved up from
the supporting cell layer to the level of the hair cells. (E'-E") 3D reconstructions of the region shown in
(E) display the Sox2-positive supporting cell nuclei and two new Sox2 lineage-tagged hair cells. (E')
shows the xy plane looking up at the supporting cells and tagged hair cells from below. A gap in the
supporting cell nuclei can also be observed in the regions where the new hair cells are located. (E") is a
view of the yz plane illustrating that the new hair cells do not reach down into the supporting cell layer.
70
is
A i1
E
%A
*Control n-=e
N Cre/Flox Notch n=2
10-
11-
6-
4-
2-
0-
T
Middle
Cochlear Region
Base
Figure 3. New hair cells are generated in the IHC region through in vivo genetic Notch
inhibition
(A) Lineage-tagged IHC counts per 100 [tm for neonatal double transgenic Sox2-Cre-ER/CA G-tdTomato
controls and triple transgenic Sox2-Cre-ER/floxed Notch 1/CA G-tdTomato mouse pups treated with
tamoxifen at P1 and dissected at P6. * P <0.05. (B-D) Organ of Corti confocal slices and cross-sections
from a triple transgenic Sox2-Cre-ERlfloxed Notch 1/CA G-tdTomato neonatal mouse. The endogenous
signal from the reporter was enhanced by staining for DsRed, shown in red. A white line on the whole
mount image delineates the location of the cross section. IHCs are indicated by a yellow bracket and
OHCs by a white bracket. White arrows point to new Sox2 lineage-tagged hair cells. The scale bar is 10
tm. (B-C) In the mid-apex, a Sox2-positive lineage-tagged hair cell is visible on the lateral edge of the
IHCs. (D) In the middle region, a lineage-tagged hair cell is located on the medial edge of the IHCs. The
3 row of OHCs is not visible in the whole mount image.
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When tamoxifen treatment was delayed until P2, the number of supernumerary hair cells
was greatly reduced and confined to the apex. Although several new hair cells on the lateral and
medial sides of the outer hair cells were observed throughout the apical region, only a few Sox2-
positive lineage-tagged hair cells were observed on the lateral edge of the inner hair cells at the
very apical end of the organ of Corti. This suggests the transdifferentiation capability of
supporting cells following Notch inhibition in the undamaged organ of Corti is strongly age-
dependent, particularly in the supporting cells surrounding the inner hair cells.
A similar experiment using triple transgenic mice heterozygous for the Lgr5-EGFP-
IRES-Cre-ER construct rather than Sox2-Cre-ER did not result in extra hair cells. Presumably,
this was due to the poorer recombination efficiency of Lgr5-EGFP-IRES-Cre-ER, preventing
successful excision of both floxed Notch1 alleles in the same supporting cell.
Discussion
In vivo inhibition of Notch in neonatal mice led to the production of supernumerary hair
cells. Treatment with a gamma secretase inhibitor resulted in new hair cells in the pillar cell and
outer hair cell regions, consistent with the in vitro lineage tracing results using LY411575.
Although the in vivo LY411575 injection experiment did not incorporate lineage tracing, the
location of the putative extra hair cells suggests they may have originated from inner pillar cell
and 3rd Deiter's cells as was seen during in vitro Lgr5 lineage tracing.
The second in vivo experiment, genetic inhibition of Notch] using Sox2 lineage tracing,
confirmed new hair cells can be generated in vivo in neonatal mice through transdifferentiation
of supporting cells. Many of these lineage-tagged hair cells were positive for Sox2 staining,
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confirming they were new hair cells. In this experiment, Notch inhibition continued from P1 to
P6, a total of five days, whereas in the in vitro experiments Notch] inhibition lasted only three
days. Therefore, Sox2 staining was not as effective in identifying new hair cells in this
experiment (supporting cells that transdifferentiated into hair cells at the beginning of Notch]
inhibition may no longer express Sox2 at P6). The presence of immature-looking stereocilia
bundles on the top of many of the lineage-tagged hair cells helped verify they were new hair
cells.
The presence of Sox2 lineage-tagged hair cells on the lateral edge of the outer hair cells is
consistent with generation by 3rd Deiter's cells, although this would need to be confirmed with
Lgr5 lineage tracing. Alternatively, the new hair cells may come from Hensen's or 2 "d Deiter's
cells. Although some Sox2 lineage-tagged hair cells positive for Sox2 staining were observed on
the medial edge of the outer hair cell area, these cells were not as clearly located in the pillar cell
region as those seen with in vitro lineage tracing or in the in vivo experiment using LY411575
injections. Without lineage tracing using a marker for a subset of supporting cells such as Lgr5, it
is difficult to confirm whether the new hair cells in the genetic Notch inhibition experiment come
from 3 rd Deiter's and inner pillar cells.
An additional finding from the Notch] inhibition experiment was the generation of new
hair cells in the inner hair cell region. This was unexpected as there was no indication in the in
vitro experiments of extra hair cells in this region. However, in the in vivo experiment, Notch
inhibition began at P1 when tamoxifen was administered, whereas in the in vitro experiments,
Notch inhibition did not begin until P3. Therefore, it is possible that supporting cells near the
inner hair cells lose their transdifferentiation capability soon after birth. Alternatively, inhibition
of Notch] may have a slightly different effect than gamma secretase inhibition.
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Sox2-tagged hair cells in the inner hair cell region were noted on both lateral and medial
sides of the inner hair cells, suggesting both the inner phalangeal and inner border cells could
give rise to new hair cells at this age. Alternatively, the new hair cells may have come from a
single supporting cell type and then migrated to the opposite side of the original inner hair cells.
Based on reported expression of Lgr5 in the organ of Corti (Shi et al., 2012), we would expect
the inner border cells to be more likely to transdifferentiate into new hair cells because they
express Lgr5 in the neonatal stage similar to inner pillar and 3rd Deiter's cells. However, in
Chapter 1, we described the presence of the Lgr5 lineage tag in the apex and middle regions of a
double transgenic Lgr5-EGFP-IRES-Cre-ER/CAG-tdTomato pup treated with tamoxifen at PO.
Weak expression can also be observed in the inner phalangeal cell of Lgr5-GFP mice (Shi et al.,
2012). Therefore, in a P1 mouse, both inner phalangeal and inner border cells may express Lgr5
to some degree in the apex and middle regions, allowing them to transdifferentiate into new hair
cells. Alternatively, the Sox2 lineage-tagged hair cells on the medial side of the inner hair cells
may originate from Sox2-positive cells in the greater epithelial ridge.
These results are consistent with two previous in vivo studies of genetic inhibition of
Notch]. The first study examined neonatal mice heterozygous for a Notch] null allele and found
many regions with a fourth row of outer hair cells (Zhang et al., 2000). This is similar to our
finding of new Sox2-tagged hair cells on the lateral or medial edges of the native outer hair cells.
In the second study, which involved more complete inhibition of Notch], Foxg1-Cre/Notchlflox/
embryos were analyzed at E 18.5 and an increase in both inner and outer hair cells was noted as
well as a disappearance of Deiter's cells (Kiernan et al., 2005a). Foxg1-Cre recombination
occurs in the otic vesicle (Hebert and McConnell, 2000), resulting in lineage tagging throughout
the cochlea. There are several important differences between the Kiernan et al. (2005a)
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experiment and our in vivo Sox2 lineage tracing experiment: developmental versus neonatal age
at the time of Notch] inhibition, Notch] inhibition in all cells versus only supporting cells, and
the use of a Notch] null allele in combination with a floxed Notch 1 allele versus two floxed
Notch] alleles. Despite these differences, both experiments resulted in additional inner and outer
hair cells that appeared to originate from supporting cells. This suggests that some types of
supporting cells retain the capacity to transdifferentiate into new hair cells in vivo into the
neonatal stage.
Lgr5 lineage tracing will be important in combination with genetic Notch] inhibition to
confirm which supporting cell types generate new hair cells. However, it may be difficult to
differentiate between hair cells coming from inner phalangeal cells versus inner border cells due
to continued Lgr5 expression in inner phalangeal cells shortly after birth. Due to the poor
recombination efficiency of the Lgr5-EGFP-IRES-Cre-ER construct, it may be necessary to
generate Lgr5-EGFP-IRES-Cre-ER/NotchlX" mouse pups in order to completely inhibit
Notch] in the Lgr5-positive supporting cells. This will require two steps - first generation of a
null Notch] allele in a parent heterozygous for floxed Notch] and then excision of the floxed
Notch] allele in pups that have inherited both null and floxed alleles. Although Sox2-Cre-ER
appears to have greater recombination efficiency than Lgr5-EGFP-IRES-Cre-ER, we did not
confirm how many supporting cells experienced a complete loss of Notch] expression. The
effect of genetic Notch inhibition we observed was likely due to complete inhibition of Notch]
only in a fraction of the Sox2-positive supporting cells.
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Discussion
Lineage tracing is a powerful tool for tracking changes in cell fate within a specific
population of cells, allowing for detection of small effects that would otherwise remain
undetected. The goal of this thesis was to use in vitro and in vivo lineage tracing with the
supporting cell markers Lgr5 and Sox2 to conclusively determine whether supporting cells were
capable of transdifferentiating into hair cells in response to damage and Notch inhibition as well
as to identify the subpopulations of supporting cells possessing this capability.
Regeneration of hair cells following damage
For the first time, we demonstrate limited generation of new hair cells from inner pillar
cells in the neonatal mouse cochlea following gentamicin damage. The mammalian cochlea was
previously thought to lack any regenerative capability. This regeneration is a low-level effect
that would have escaped detection without the use of lineage tracing and is similar to recent
findings in the adult mouse utricle showing limited spontaneous transdifferentiation of
supporting cells into new hair cells in response to aminoglycoside damage (Lin et al., 2011). We
have therefore identified a similarity in regenerative capacity between the adult mammalian
utricle and the neonatal mammalian cochlea.
Inner pillar and 3 rd Deiter's cells transdifferentiate into hair cells
Notch inhibition has previously been demonstrated to be an effective means of generating
new cochlear hair cells through transdifferentiation in neonatal mammals (Doetzlhofer et al.,
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2009; Hayashi et al., 2008; Kiernan et al., 2005a; Takebayashi et al., 2007; Yamamoto et al.,
2006; Zhao et al., 2011; Zine et al., 2001). Due to their apparent disappearance following Notch
inhibition, supporting cells have been assumed to be the source of these new hair cells
(Doetzlhofer et al., 2009; Kiernan et al., 2005a; Takebayashi et al., 2007). In particular, a
reduction in Deiter's cell numbers has been noted (Doetzlhofer et al., 2009; Kiernan et al.,
2005a). We have shown using in vitro lineage tracing of neonatal organ of Corti explant cultures
that inner pillar cells and 3rd Deiter's cells are capable of transdifferentiating into hair cells in
response to damage followed by Notch inhibition. These results are supported by our results
from in vivo pharmacologic and genetic inhibition of Notch. Additionally, in an experiment
using in vivo genetic inhibition of Notch] at a slightly younger age than the in vitro experiments,
we show new hair cells can also be produced in the inner hair cell region.
Some new apical hair cells are generated through proliferation
Although previous studies of embryonic mice have provided evidence of some degree of
proliferation in new hair cells generated in response to Notch inhibition, this has not been
demonstrated in neonatal mice (Doetzlhofer et al., 2009; Kiernan et al., 2005a; Takebayashi et
al., 2007). In a study similar to ours, where E 17.5 organ of Corti explant cultures were treated
with a gamma secretase inhibitor, proliferation was observed when treatment was continued for
six days, but not after two days (Takebayashi et al., 2007). A lack of BrdU-labeling was
previously noted in neonatal explant cultures treated with a gamma secretase inhibitor for three
days (Doetzlhofer et al., 2009). In contrast, we show limited proliferation in new apical hair cells
of neonatal explant cultures damaged with gentamicin and explants treated with a combination of
gentamicin and a Notch inhibitor. The primary difference between our study and previous studies
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is the use of gentamicin damage, suggesting damage may facilitate proliferation. All of the hair
cells that exhibited BrdU-labeling in the gentamicin-treated explants and many of those in the
gentamicin/LY411575-treated cultures were located in the pillar cell region. Based on our
lineage tracing findings that indicated inner pillar cells could transdifferentiate into new hair
cells, the presence of triple positive BrdU/myosin VIIa/Sox2 cells in the pillar cell region
suggests apical inner pillar cells may retain some proliferative capacity into the neonatal stage.
Hair cell generation greatest in regions with the least damage
In this thesis, unlike previous investigations of Notch inhibition, organ of Corti explants
were treated with gentamicin prior to Notch inhibition. The highest levels of gentamicin damage
were seen in the base of the cochlea, with modest damage in the middle region and little to no
damage in the apex. Surprisingly, we saw limited generation of new hair cells in areas with the
most damage. We observed the largest numbers of new hair cells in the apex, with lower
numbers in the middle and very few new hair cells in the base. Preferential generation of new
hair cells in the apical region is consistent with a previous study using a Notch inhibitor to
generate extra hair cells (Doetzlhofer et al., 2009). However, even in explants treated only with
gentamicin, new hair cells were confined to the apex and middle of the cochlea. This suggests
the effect of the gentamicin damage is not confined to the damaged region, but can influence
undamaged regions of the organ of Corti. Due to its relative immaturity compared to the base,
the apex may have a greater capacity to support transdifferentiation of supporting cells into hair
cells.
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Production of inner versus outer hair cells
Mouse embryos with mutations leading to decreased activity of either the Notch receptor
or its ligands display an increase in both inner and outer hair cell numbers (Kiernan et al.,
2005a). In this thesis, through prestin staining, we show the newly generated hair cells in the
pillar and outer hair cell regions of neonatal mice display characteristics of outer hair cells.
However, our findings suggest the ability of Notch inhibition to generate new inner hair cells
may be lost during the neonatal stage. While we did not see evidence of new hair cell generation
in the inner hair cell region with in vitro lineage tracing using damage and pharmacologic Notch
inhibition, new hair cells were noted in this region during in vivo lineage tracing experiments
using genetic Notch inhibition. Most likely the different outcomes are due to the younger age at
commencement of Notch inhibition for the in vivo study versus the in vitro study (P1 versus P3).
The progenitor cells capable of generating new inner hair cells may have lost additional signaling
necessary for them to respond to Notch inhibition in the neonatal stage. This conclusion is
supported by our finding that only a few new hair cells at the extreme apex are observed lateral
to the inner hair cells when in vivo Notch inhibition is initiated at P2. Alternatively, the new hair
cells observed in the inner hair cell region may be due to a difference in genetic versus
pharmacologic disruption of Notch or a greater effect in vivo.
The role of Lgr5 expression in transdifferentiation capability
Inner pillar and 3rd Deiter's cells are members of a small subset of supporting cells that
express Lgr5 after birth. Lgr5 lineage tracing in the intestinal epithelium has demonstrated
expression of Lgr5, a downstream target of Wnt signaling, is confined to a population of cells
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capable of giving rise to all epithelial lineages, suggesting it is a stem cell marker (Barker et al.,
2007). Lgr5 has also been shown to exhibit stem cell properties in the inner ear, with spheres
made from Lgr5-positive supporting cells showing increased capability of generating hair cells
compared to a general supporting cell population (Shi et al., 2012). Additionally, Wnt signaling
has been shown to increase Atohl expression and is necessary for upregulation of Atohl
expression in response to Notch inhibition (Shi et al., 2010). Our findings suggest that the Wnt
responsiveness of Lgr5-positive inner pillar and 3 rd Deiter's cells makes them competent to
respond to Notch inhibition by transdifferentiating into hair cells.
Through genetic inhibition of Notch], we show new hair cells can also be produced in the
inner hair cell region, on both the medial and lateral sides of the inner hair cells. Based on Sox2
lineage tracing, we know these new hair cells originate from supporting cells. Their location
suggests they are generated from the supporting cells adjacent to the inner hair cells, specifically
inner border and inner phalangeal cells, although cells in the greater epithelial ridge may also
contribute. Inner border cells are known to express Lgr5 in neonatal mice, making them a likely
candidate for transdifferentiation. However, although inner phalangeal cells downregulate Lgr5
in the neonatal stage, our findings suggest they express Lgr5 in the apex and middle regions of
the organ of Corti shortly after birth. Therefore, similar to new hair cells in the pillar and outer
hair cell regions, new hair cells in the inner hair cell region may also be generated by Lgr5-
positive cells. Lgr5 in vivo lineage tracing will be necessary to confirm the origin of these new
hair cells, but our attempt was unsuccessful, presumably due to the poor recombination
efficiency of the Lgr5-EGFP-IRES-Cre-ER construct. Overall, our results support the role of
Lgr5-positive supporting cells as inner ear progenitor cells, uniquely capable of
transdifferentiation into hair cells.
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Transdifferentiation capability of inner pillar cells
Our in vitro findings indicate inner pillar cells are the most likely supporting cell
population to transdifferentiate into hair cells following damage and Notch inhibition. This is in
agreement with previous data suggesting pillar cells may have increased capability to
transdifferentiate into hair cells. Mouse embryos with Notch pathway mutations resulting in
increased hair cell numbers show evidence of pillar cell division, but no concomitant increase in
pillar cell numbers, suggesting possible transdifferentiation of pillar cells into new hair cells
(Kiernan et al., 2005a). Similarly, a population of sensory epithelial cells enriched for pillar and
Hensen's cells was shown to give rise to significantly more hair cells than a general population
of sensory epithelial cells (White et al., 2006). The latter study did not involve Notch inhibition,
indicating the propensity for transdifferentiation in pillar cells is a general characteristic of this
cell type, not a specific response only to Notch inhibition.
It has been proposed that pillar cells may maintain more regenerative capacity than other
supporting cells due to their continued expression of Fgfr3 in neonatal mice (Jacques et al.,
2007). Supporting cells in the chicken basilar papilla express Fgfr3, which is transiently
downregulated during hair cell regeneration and then returns to normal expression levels once
regeneration is complete (Bermingham-McDonogh et al., 2001). Similar to our findings, Fgfr3
mice lack inner pillar cells in the apical and middle regions of the cochlea, but exhibit an extra
row of outer hair cells in these areas (Hayashi et al., 2007; Puligilla et al., 2007). Deiter's and
Hensen's cells show lower levels of Fgfr3 in neonatal mice compared to pillar cells (Jacques et
al., 2007). This may account for the lesser degree of transdifferentiation we observed in 3rd
Deiter's cells.
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The idea that inner pillar cells are particularly capable of transdifferentiating into hair
cells is contradictory to the conclusions of Doetzlhofer et al. (2009), which suggested pillar cells
were resistant to transdifferentiation in response to Notch inhibition alone. However, the markers
they used to identify pillar cells (Prox 1, p75"tr and Hey2) are all expressed in both inner and outer
pillar cells. Therefore, their study did not distinguish between inner and outer pillar cells and it is
possible they failed to detect a difference in transdifferentiation capacity between these two cell
types. Additionally, in their figure 2, the elongated and faintly Proxl-positive inner pillar cell
nuclei seen in the control are not visible in the DAPT-treated culture (reproduced in Figure 1).
We feel the two rows of nuclei in the DAPT-treated culture that they labeled with a yellow
bracket as pillar cells are actually the outer pillar cells and the first row of Deiter's cells, which is
consistent with the findings of this thesis. They also found that a combination of DAPT and
SU5402 was more effective in generating hair cells than treatment with DAPT alone and resulted
in a loss of pillar cells. This is consistent with a role for Fgfr3 in preventing pillar cells from
differentiating into hair cells. Based on our in vivo findings using pharmacologic inhibition of
Notch, inner pillar cells appear to transdifferentiate into hair cells in response to Notch inhibition
alone, possibly due to their expression of Lgr5. Wnt signaling may help downregulate Fgfr3
expression in inner pillar cells in response to Notch inhibition. Gentamicin damage may also
decrease Fgfr3 expression in pillar cells, leading to spontaneous transdifferentiation of inner
pillar cells, which is further enhanced by treatment with a Notch inhibitor.
The capacity of inner pillar cells to transdifferentiate into new hair cells, likely influenced
by their unique expression of both Fgfr3 and Lgr5, makes them an ideal target for future hair cell
regeneration therapies.
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control DAPT mid-base
Figure 1. Reproduction of Figure 2 from Doetzlhofer et al. (2009)
Faint ProxI staining in the elongated nuclei of the inner pillar cells is visible in the control within the
yellow bracket indicating pillar cells, but absent from the DAPT-treated cultures. The yellow bracket in
the DAPT-treated culture appears to us to indicate the outer pillar and 1" Deiter's cell nuclei rather than
the pillar cells as claimed by the paper's authors.
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Future work
Although this thesis suggests a possible role for Fgfr3 and Wnt signaling in the increased
transdifferentiation capability of inner pillar cells, further study will be necessary to confirm this
hypothesis and learn more about the interactions between these pathways. Changes in Fgfr3
expression in the inner and outer pillar cells should be examined in response to both damage and
Notch inhibition. Additionally, it will be useful to determine if there is any interaction between
Wnt signaling and Fgfr3.
Additional signaling may be necessary in inner border and/or inner phalangeal cells to
generate new inner hair cells and this may change with development. It would be interesting to
examine the expression profiles of these two cell types and identify differences between them
and the inner pillar and 3rd Deiter's cells.
The observation of a small degree of proliferation in neonatal mice in response to damage
or damage followed by Notch inhibition also warrants further investigation. It would be useful to
uncover the mechanism through which damage stimulates cell division and determine whether
Notch inhibition further enhances proliferation.
Identification of Lgr5-positive inner pillar and 3Pd Deiter's cells as uniquely capable of
transdifferentiating into putative outer hair cells in neonatal mammals makes these cell types an
excellent focus for hair cell regeneration. These cells could be targeted for overexpression of
Atohi. In mice, this could be accomplished by employing the Lgr5-EGFP-IRES-Cre-ER mouse
used in this study.
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Summary
In this thesis, we used both in vitro and in vivo lineage tracing with Sox2 and Lgr5 to
follow supporting cells during the generation of new hair cells in neonatal mice. We found
evidence of hair cell regeneration after gentamicin damage in the inner pillar cells. Lgr5-positive
supporting cells had the capability to transdifferentiate into new hair cells in response to Notch
inhibition both following damage in vitro and without damage in vivo. Inner pillar cells appeared
particularly capable of transdifferentiation following pharmacological Notch inhibition compared
to other supporting cell types, potentially due to their continued expression of Fgfr3. New hair
cells were less likely to be generated in the inner hair cell region and the base of the organ of
Corti, possibly as a consequence of age-related changes in the transdifferentiation capability of
the supporting cells in these areas. Although the majority of new hair cells appeared to be
generated through direct transdifferentiation, a small degree of proliferation in response to
gentamicin damage as well as damage followed by Notch inhibition was detected in vitro among
new hair cells in the apex, particularly in the pillar cell region. In conclusion, neonatal
mammalian Lgr5-positive supporting cells possess enhanced transdifferentiation capability, as
well as limited proliferative ability, which makes them an obvious target for future attempts at
hair cell regeneration.
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